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A novel cooperative platform design for coupled
USV-UAV systems

Guangming Shao, Yong Ma, Member, IEEE, Reza Malekian, Senior Member, IEEE, Xinping Yan, and Zhixiong
Li, Member, IEEE

Abstract—This paper presents a novel cooperative USV-UAV
platform to form a powerful combination, which offers founda-
tions for collaborative task executed by the coupled USV-UAV
systems. Adjustable buoys and unique carrier deck for the USV
are designed to guarantee landing safety and transportation of
UAV. The deck of USV is equipped with a series of sensors,
and a multi-ultrasonic joint dynamic positioning algorithm is
introduced for resolving the positioning problem of the coupled
USV-UAV systems. To fulfill effective guidance for the landing
operation of UAV, we design a hierarchical landing guide point
generation algorithm to obtain a sequence of guide points. By em-
ploying the above sequential guide points, high quality paths are
planned for the UAV. Cooperative dynamic positioning process of
the USV-UAYV systems is elucidated, and then UAV can achieve
landing on the deck of USV steadily. Our cooperative USV-UAV
platform is validated by simulation and water experiments.

Index Terms—USV-UAV platform. Multi-ultrasonic joint dy-
namic positioning algorithm. Hierarchical landing guide point
generation algorithm. Cooperative positioning.

1. INTRODUCTION

Featured by excellent autonomy, and flexible control ability,
unmanned vehicles [1], [2], including unmanned surface ve-
hicles (USVs) [3], [4], unmanned aerial vehicles (UAVs) [5]-
[7] have been extensively utilized in the field of engineering
applications, especially in ocean and marine exploitation [4],
[8], investigation, management, emergency search rescue [9],
[10] for the last two decades. Compared with the manned
vessels, USVs excel in executing dangerous and boring tasks
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continuously specially in shallow and restricted waters [4],
[11]. Whereas, USVs have limited perception of a wide range
of surrounding dynamic environments, and then resulting in
adverse effects on their navigation safety. Meanwhile, by using
an airborne camera with adjustable altitude, benefited from the
flight advantages, UAVs can effectively overcome the percep-
tion deficiency of USVs. With the aid of UAVs, the high-
definition video and photos can be dynamically transmitted to
the monitoring center, and then the critical departments can
make sensible decisions by using above reliable information
offered by UAVs. UAVs are capable of searching for quite
a large range of targets [12], [13], but they do not qualify
for perception of the ground and sea environments at close
quarters [14]. Following that, to overcome shortcomings of
each system, it is imperative that USVs system and UAVs
system should be coupled together. Consequently, we focus
on designing a novel cooperative USV-UAV platform for the
coupled USV-UAV systems, by employing which platform the
functions of each system can be consolidated and strengthened
significantly.

Referring to the cooperative USV-UAV platform, the dy-
namic sea condition is perceived by USVs at a short range,
and the large-scale maritime environment information oriented
USVs can be collected by UAVs in real time. By employing
the USV-UAV platform, USVs can be performed as a relay
station for UAVs, information obtained by UAVs can be sent
to USVs, energy refueling for UAVs can be fulfilled during the
period of UAVs landing on USVs, and generous difficult tasks
can be implemented by USVs and UAVs jointly [9], [11].

Following that, when cooperatively performing a task, the
perspective of the coupled systems can be extended in essence,
the duration of flight of UAVs can be increased substantially,
and then the cooperative capacity of the coupled systems can
be ameliorated markedly.

There exist excellent works on the coupled UAVs and UGVs
(unmanned ground vehicles) [12], [15]. The above two plat-
forms belongs to heterogeneous robot cooperative platforms,
and owns similar task modes. However, there exist obvious
differences between them when the motion models, the landing
processes, and the operational safety factors are concerned.
Firstly, their motion models and environments are different.
There is a 6-DoFs motion model for USV, which makes USV
impossible to maintain still on the dynamic water surface.
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Compared with UGV featured by 4-DoFs located on the
motionless road surface, it is difficult to control the trajectory
of USV accurately. Following that, owing to the disturbance
brought by the dynamic water surface environment, it is
rather hard to manipulate UAV landing on the carrying deck
embodied on the USV with high accuracy. Whereas, motion
effects of UAV on the UGV can be neglected. Secondly, their
landing processes are quite different. When UAV landing on
UGY, it only needs to resolve the 2D positioning issue, and
the pose of UGV is stable and can be controlled quite well
benefited from its stable attitude. While UAV landing on USV,
the motion state of USV on the water surface is time-varying,
and great efforts should be paid to the 3-D positioning issue
with high accuracy in the dynamic environment. Following
that, their operational safety factors are different. Referring
to UGV-UAV platform, UAV can stably land on the surface
of UGV with high accuracy [16]. Whereas, owing to the
effects brought by the 6-DoFs of USV and environment
disturbance, the operation of UAV landing on USV is with
relatively low safety when compared with that of the UGV-
UAV platform. Furthermore, after UAV landing on USYV, the
UAV should be locked-in in time to enhance the stability
of USV-UAV platform. Consequently, due to the significantly
differents between UGV-UAVs and USV-UAV, the developed
platform and algorithms including RTK-GPS [17], GPS-INS
[18], visual localization [16] for UGV-UAVs [16], [17] cannot
be employed for resolving USV-UAVs platform under the
scenario stressed in this work.

Currently, few studies address the cooperative USV-UAV
platform. As stated in [9], it was the first known effort to in-
troduce USVs into the domain of emergency response, and the
first time proposed the cooperative USV-UAV systems for any
domain. Results in [9] verified that USV-UAV systems played
a critical role in disaster recovery. [19] established the dynamic
models of AR.Drone 2.0 for four-rotor UAV and Strider v1.0
for USV. On this basis, a control structure based on a PID
feedback loop is designed by using SIMULINK. Wherein the
control of UAV and USV is achieved and different tasks can be
performed quite well. To collect remote surface data with low-
cost, [20] presented the USV and UAV assisted measurement
methodology. Wherein this method adopted visual sensors
located on UAYV to capture high-resolution imagery, and sonar
sensors deployed on USV to obtain bathymetric readings.
It can be indicated that little coupling exists between USV
system and UAV systems in [20]. Consequently, this paper
studies the coupled systems of USV and UAV substantially,
and designs the cooperative USV-UAV platform to strengthen
the joint functions of USV and UAV.

The cooperative USV-UAV platform is confronted with new
challenges, including the dynamic positioning of UAV related
to USV, ways to generate a sequence of guide points by
using which UAV can land on the deck of USV success-

fully, and details of cooperative dynamic positioning process.
Consequently, in this study, we illustrate the platform systems
architecture, propose a multi-ultrasonic joint dynamic posi-
tioning algorithm, and demonstrate the ways to generate the
intermediate guide points for UAV landing on USV in real
time.

Some highlights of this paper are as follows: (1) to
strengthen the advantages and overcome the shortcomings of
USV system and UAV system, we design a novel coopera-
tive platform for the coupled USV-UAV systems to form a
powerful combination; (2) to maintain the stability of USV
and safe shipment of UAV on the platform, we design an
external adjustable buoys and unique carrier deck for the USV,
by employing which the safety of landing and transportation
of UAV can be guaranteed; (3) we propose a multi-ultrasonic
joint dynamic positioning algorithm to achieve the position of
UAY, and present a hierarchical landing guide point genera-
tion algorithm to obtain a sequence of guide points. Finally,
simulation and water experiments are performed to validate
the effectiveness of our cooperative USV-UAV platform.

The remainder of the paper is organized as follows. Sec-
tion II states the cooperative USV-UAV platform. Section III
proposes a positioning algorithm for the coupled USV-UAV
systems. Section IV presents a hierarchical landing guide point
generation algorithm for UAV landing on the USV. Section V
plans paths represented by the cubic B-spline curves and
illustrates process of UAV landing on the deck of USV. In
Section VI, simulations and water experiments are deployed
and analyzed. Finally, Section VII concludes this paper.

II. BRIEF STATES ON COOPERATIVE USV-UAV PLATFORM

The cooperative USV-UAV platform is a highly coupled
autonomous system, and embodied with many advanced
technologies, including the sensor technology, the wireless
communication technology, the data process technology, and
intelligent control technology. Following that, this section
briefly states the systems architecture of USV, the structure
composition of USV platform, the transport security design
of cooperative platform, and the control systems of UAV,
respectively.

A. Systems architecture of USV that coupled with UAV

Referring to the systems architecture of USV, as shown
in Fig. 1, it mainly consists of the lower machine platform,
and the PC platform. The low machine platform is the core
controller of the USV, and is composed of the transport
devices for UAV, the navigation system, the energy power
system, and the sensor system. With the aid of the transport
devices for UAV, the UAV can land on the deck of USV
safely. The navigation system, including GPS and the vision
system, offers the information for positioning. The energy
power system consists of the USV rudder system, the USV
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Fig. 1. Systems architecture of the USV platform that coupled with UAV

advance system, the power circuit system, and the electric
batteries. Real time data can be obtained by the sensor systems.
The PC platform is the control terminal of the cooperative
USV-UAV platform, consisting of USV control information
module, attitude information module, navigation environment
information module, and the position information module.

The lower machine platform receives the data obtained by
the sensor system, and processes above data and sends to the
PC platform via the communication module. According to
the USV’s motion state, the PC platform sends corresponding
commands to the lower machine platform. Following that,
within the lower machine platform, the commands are ana-
lyzed and transmitted to the energy power system, and then
the USV can be manoeuvred when executing those commands.
Meanwhile, as the control terminal, the PC platform displays
all the information and plays the role of a surveillance center.
Details of USV’s system architecture can be referred to [21].

Referring to UAV in the coupled USV-UAV systems, it
should be with a small overall size, light weight, a high
efficiency motor, and can be equipped with lots of precision
instruments. Meanwhile, to achieve excellent maneuverability,
UAV should be with stability control system, by employing
which the position, the height, the attitude and the velocity
of the UAV can be commanded quickly and conveniently.
Consequently, due to the four rotor UAV is characterized by
above advantages, we select the four rotor UAV as the potential
UAV in our cooperative USV-UAV platform. Following that,
the UAV can execute generous of tasks with the cooperation
of USV.

B. Structure composition of the USV platform

When it comes to the modular structure composition shown
in Fig. 2, it promotes the solid cooperation among all parts of
the USV platform. The adjustable buoys enhance the stability
of the hull when UAV landing on the USV platform, the
double differential water-jet propulsion systems improve the
manoeuvrability of USV and qualify for the navigation under
severe environment, and the retractable UAV carrying platform

Speed Course Rudder angle

UAV/USV control information module

Rolling Pithcing Yawing
Surging Swaying Heaving
UAV/USYV attitude information module
«> | PC
Platform

Speed/Direction of

Wind Video surveillance

Surface obstacle

Navigation environment information module

Atitude /
Longitude
coordinates
Position information module

UAV/USV relative
position

extends the deck area and fulfills the deck utilization efficiency
of USV. It can be indicated that, the USV platform is featured
by a fast sailing speed, an excellent environmental adaptability,
a quite complete control system that equipped with a variety of
sensor devices. Consequently, the above USV platform would
play a critical role in the coupled USV-UAV systems.
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Fig. 2. Structure composition of the coupled USV-UAV platform.

C. Transport security design of USV for UAV

To fulfill the goals of UAV landing on the deck of USYV,
this section details the transport security design of USV. It
is significant to consider the adverse effects existing in the
coupling process between UAV and UAV. The adverse effects
include two parts, one is that the motion of USV in the voyage
is in the form of six-degree-of-freedom, and the other is that
airflow would be generated by the rotor of UAV during its
flying period. Resulting from the adverse effects brought by the
first part, it is challenging for UAV landing on the deck of the
USV accurately. Referring to the second part, airflow would
disturb the stability of the USV remarkably. Consequently, to
guarantee UAV land on the deck of USV under the adverse
maritime circumstances, it is necessary to extend the available
deck area for UAV landing substantially, and it would be
expedient to design some novel device by utilizing which UAV
can be fixed on the deck of USV efficaciously.

The above issues can be essentially handled by employing
the retractable UAV carrying platform as shown in Fig. 3. The
landing area of UAV is denoted as a capital letter H on the
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Fig. 3. Retractable UAV carrying platform that embedded in USV

fixed deck of USV, the retractable decks with guardrail and
air vents are bilateral symmetrically emplaced on each side of
the fixed deck. With the extended landing deck area, UAV can
successfully land on the deck of USV with high probability.
The deck should be contracted when UAV loaded on the deck
of USV. Following that, UAV can be fixed tightly, and the deck
area of USV can be cut substantially. Consequently, with the
design of our retractable UAV carrying platform, the transport
security of UAV can be achieved substantially.

Furthermore, the adjustable buoys of USV are shown in the
right part of Fig. 3. The buoys in the spread state can enhance
the large angle stability of USV during UAV landing period.
To ensure that the speed of USV is not affected, the buoys
are in the folded state if UAV landed on the deck of USYV, the
resistance of the USV encountered can be reduced noticeably
during USV navigation period.

III. DyNAMIC POSITIONING FOR COUPLED USV-UAV SYSTEMS

To fulfill the cooperation between USV system and UAV
system at close quarters, it is crucial to achieve the position
of UAV in real time. Following that, we propose a multi-
ultrasonic joint dynamic positioning algorithm, and then the
dynamic position of UAV can be reached.

Fig. 4 illustrates the side view of USV’s navigation attitude,
and the body-fixed coordination system Os — XpsYpsZps
(noted as Fpg) of USV with the origin Og(0,0,0). Within Fpg,
OsXps, OsYps, and OgsZpgs denote the longitudinal axis, the
transversal axis, and the normal axis, respectively. Directions
of OsXps, OsYps, and OsZpg are from aft to fore, toward to
starboard, are upward from bottom to top, respectively. ¢y,
0.5y, and i, represent the corresponding rotation angles of
Os Xps, Os Yps, and OgZps in sequence, and denote the rolling
angle, the pitching angle, and azimuth of USYV, respectively
[22]. As shown in Fig. 3 and Fig. 4, the front deck of USV is
equipped with four sensors, two sensors are arranged on the
port side, and the other two symmetrically arranged on the
starboard side.

Fig. 4. Body fixed coordination system Fps and earth fixed coordination
system Fgg of coupled USV-UAV systems

Within our positioning algorithm, the distances between
UAV and multiple ultrasonic sensors that loaded on USV can
be detected by employing time of arrival (TOA) [23], and
then the position of UAV relative to USV in the body-fixed
coordination system Fgg of USV can be calculated by utilizing
above distances, and the real-time position of UAV in the
positioning coordinate system can be obtained by employing
technology of coordinate transform.

A. ToA employed in cooperative USV-UAV platform

Referring to ToA positioning solutions, distances between
devices are realized based on the transmit time of an radio-
frequency wave between sender and receiver [23]. During the
period of UAV landing on the deck of USV, it is necessary to
determine the position of the UAV relative to USV. Owing to
UAV’s locating equipment on the USV would move with USV
in six freedoms, while the wide-beam ultrasonic sensor can
adapt to the complex and practical environment perfectly,and
then it is sensible that wide-beam ultrasonic sensors are
selected for measuring the distances between UAV and USV.

Suppose D, ¢ and t are the distance between UAV and the
sensor, the transmit velocity of ultrasonic sensor, and the time
from sender to receiver, respectively. Meanwhile, units of D,
c and t are m, m/s, and s, respectively. Then, the distance D
using ToA can be D = §.

B. Multi-ultrasonic joint dynamic positioning algorithm

Within our multi-ultrasonic joint dynamic positioning al-
gorithm, there are four ultrasonic sensors are utilized to
determine distances between USV and UAV based on ToA,
respectively, and then after a set of computations and coordi-
nation system transformation, finally the dynamic position of
UAV relative to USV can be achieved.

Suppose the position of UAV can be X = [x y z]7, the
positions of the four sensors equipped on USV are X;; =
[xs vs 2zsl',i=1,...,4, respectively. We set deck origin
of USV is located on Og (0, 0, 0), then the distance d,; between
each sensor and the deck origin Os can be dy;= \/x% + y% + 2%,
and the slant distance rg; between UAV and each sensor located
on USV can be rg= /(x — x)% + (y — y)? + (z — 2i)?, where
i =1,...,4. The distance between UAV and deck origin of

USV denoted as r,, can be r,,=+/x? + y? + Z2.
For each ry; after expanded, it can be

2= (= x)? + 0 =y + (2 20)
2

=Ty

2 . (1)
+dy; = 20xxg +yysi+2z) i=1,...,4

When it comes to Eq. (1), it is obvious that the locations of
the four sensors X;(i = 1,...,4) are known beforehand, and
then the distance d,; between each sensor and the deck origin
Os can be known in advance. The value of ru(i = 1,...,4)
can be achieved by the sensors, and we only target at obtain
the position of UAV X = [x y Z]7. After deleting r,,,
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suppose v;;=0.5[(r5; = 7)) = (&5 = di)] (i, j = 1,.... 40 # J),

and V=[viy vi3 Vvis Va3 vy v4)]”, then the following

equations are reached as below.

(X2 = X)X + (Vs2 = Y1)y + (22 — 251)2 = V12 (2)
(X3 = X51)X + (V53 = ¥s1)y + (253 — 251)2 = V13 (3)
(Xsa = X51)X + (o4 — Y51)y + (254 — 251)2 = V14 4)
(x3 = x2)X + (V3 = Y2)y + (253 — 2:2)2 = V23 (5)
(Xsa = X2)X + (V54 = Ys2)Y + (254 — 22)2 = V2a (6)
(Xsa = X3)X + (V54 — ¥s3)y + (254 — 23)2 = V34 (7

It can be seen in Eq. (2-7) that, v;; is known in advance,
where i, j = 1,...,4, i # j. Suppose the coefficient matrix of
Eq. (2-7) is Ay, and its value also can be known beforehand.
Then,

AuX =V ®)

Taking into account the position distribution of the four
ultrasonic sensors on the deck of USV, to achieve the dy-
namic position of UAV from Eq. (8), it is feasible to obtain
resolutions by utilizing the data collected by any three of four
sensors, and the data of the remainder sensor can be employed
for verify the effectiveness of the coupled USV-UAV systems.
Consequently, we randomly select any three sensors, and the
simplified coefficient matrix As3,4 of X can be

Xs2 = Xs1 Y52 = Vsl Zs2 — sl
Aszps = | X3 = Xs1  Ys3 = Vsl Zs3 — sl )]
Xs3 = X2 V53 —YVs2  Zs3 —Zs2

Due to the four sensors are loaded on the deck of USV
with the same height above the waterline, then the value of
Zs can be 0, and the value of zy; — zy; equals to 0, where
i,j=1,...,4,i# j. Then,

Xs2 — X1 Ys2 — Vsl

’

304 = | Xs3 — Xs1 Ys3 — Ys1 (10)
Xs3 = X2 Vs3 — Y52

Consequently, after resolving the following Eq. (11), the
horizontal position of UAV X, = [x y]” can be reached.

Vi2
/7
AzpuXn = Vi3

(1)

V23
With the reached X, = [x y]T, Vi=1,...,4, the height of
UAV 7z can be z = \/
Finally, the dynamic position of UAV X = [x y z]” can

be achieved by using our multi-ultrasonic dynamic positioning
algorithm.

A= d% — X2 =y + 2(xx5 + YY)

As presented in Fig. 4, Ypg OsZps is a in-plane of the body-
fixed coordination system Fpg of USV, and YgsOsZgs is a in-
plane of the earth fixed coordination system OsXpgs, OgYps
(noted as Fgg) of USV. It can be seen that, after a series of

motion transformation, the position of USV in Fpg system can
be transferred to the position in Fgg system.

Suppose X’'=[x" ¥y Zz’]7 is the position of UAV in Fgg
coordination system, and 73p is the transformation matrix
from Fpg to Fgs and can be T3p = T3gx - Tagy - T34., Where
T34y, T3ay, and T3g4; are the matrices corresponding to Os Xps,
Os Yps, and Oy Zps, respectively. The expressions of T34y, T34y,
and T34, can be

1 0 0 cos,s, 0 sind,q,
T34, =0 cosdue,  singys | Tagy = 0 1 0
0 —sing,s, cosd,s —sinf,,, 0 cosb,,
(12)
coSYysy  —Sinys, 0
T34, = | singysy,  cOSYys, 0O (13)
0 0 1

Within T34y, T34y, and T3z, Gusys Ousv, and ¥, denote the
corresponding rotation angles of OgsXps, OsYps, and OgZgs,
respectively. Consequently, X’ can be X -T3p, and X' =X - T34y -
T3dy “ Tagz.

Algorithm Multi — ultrasonic joint dynamic positioning

Input: Positions X§; of the ith sensors, i = 1,...,4; slant
distance r; (i = 1,...,4) between UAV and the ith sensor;
rolling angle ¢,,,, pitching angle 6,5,
and azimuth ¢, of USV.

Output: dynamic position X’ of UAV.

Parameters: distance d; between the ith sensor and deck
origin Og; sensor combination A’ i Initial position X
of UAV; intermediate variable v;; and matrix V.

1 Initial 7y, Gusvs Ousys and Yoy

2 Calculate dg; and r;, i =1,...,4.

3 Foreach i € {1,...,4} Do

4 Foreach je{l,...,4} Do

5 If i # j Then

6 Calculate v;=0.5[(r2, — %) — (d% — d%)];

7 End If

8 End Foreach

9 End Foreach

10 Update V=[V12 Viz Vig V23 Vx4

11 Get A}, by Eq.(10)

12 Calculate X;, = [x y]? by Eq.(11).

12 Calculate 7 = \/rf,,. S — X — 42Xy + ).

13GetX=[x y z].

14 Calculate T34, T34y, and T34, by Eq.(12)-(13).

15 Get X'=X - T3dx . T";dy . T";g[Z

V34]T«

IV. HIERARCHICAL LANDING GUIDE POINT GENERATION ALGORITHM
FOR UAV LANDING ON THE USV

The landing guide points are crucial for UAV landing on
the USV. By utilizing a sequence of guide points, the UAV



IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS

would land on its carrying platform successfully. Each guide
point should fall in the range of the ultrasonic sensors. Limited
by the range of the ultrasonic sensors, to guarantee the UAV
smoothly lands on the USYV, it is reasonable to set a series of
guide points with a certain decreasing height. Meanwhile, the
direction of the guide points should be toward the center of the
deck of the USV, and then the guide points would be detected
by the UAV all the time. Following that, take into account
above considerations, we propose a hierarchical landing guide
point generation algorithm for UAV landing on the deck of
USVv.

Fig. 5 shows the schematic of guide points generated
for UAV in the earth-fixed coordinate system Fgs. When
UAV flies in the range of ultrasonic sensors, the position
Pos a(x',y’,7') in Fig. 5(a) and Fig. 5(b) of the UAV can be
sensed by the ultrasonic sensors in time. Within our proposed
algorithm, Pos 4(x’,y’,7") is selected as the original guide
point, and the landing position G(0,0, Aig) is set as the last
guide point of UAV, where /¢ is the height of the UAV landing
platform above the waterline of USV.

(a) Vertical view. (b)  Guide
schematic.

points generation

Fig. 5.
Frs.

Schematic of guide points generated for UAV in coordinate system

Suppose there are m guide points should be generated by
our algorithm, and the positions of the guide points Pos ;

(i = 1,...,m) are distributed on the line that connected
Pos _a(x',y’,7") with G(0,0, hg). As shown in Fig. 5(b), there
are m = 4 sequential guide points Pos ; (i = 1,...,4), and

all of them are on the line Pos aPos 4, where Pos 4 and
G(0,0, hg) coincide with each other. The line function fj,,.
can be

_ Y _ z=hg / ’
f_?_z’fh((; x#:O,y ¢O

x=0

4 —hg ’ ’

r=ie y=0y#0 (14)
{y:O

_ z=h —
v=300 X #0,y =0

Following that, after employing the known position
Pos_a(xX', y',7') sensed by ultrasonic sensors, the landing po-
sition G(0, 0, h¢) highlighted in Fig. 5(b), and the line function
fine in Eq. (14), we can obtain a sequence of m guide points,
where m = 4 in Fig. 5(b). The following equation can generate

guide points distributed on the line Pos aPos 4 in the Fgg
system, where P}, ,, P, ;. and P5 , denote the coordinates

oS i _
in three-dimension space of Pos ; (i = 1,...,m), respectively.
X  —
Pps i = kix I
P)és i = iy,7 ki = (?/'_[hGG (15)
- (m=i)-(z'~hg)
Pos i =he+—,

Meanwhile, as shown in Fig. 5, to ensure a safe and smooth
landing, the generated m guide points should be equally
allocated to the range of [0, 2x]. Then, for m levels, the UAV
should cover the arc with the radius of Py,
the carrying platform for UAV. As illustrated in Fig. 5(a), for

; centered on

i=1,...,m, the guide points are in yellow color and can be
cosZl  _gin2Z
m_ m
POSﬁi = POSii . sin% COS% 0 (16)
0 0 1

Finally, by utilizing above generated sequential guide points,
the UAV would effectively follow the guide points and then
land on the carrying platform safely and smoothly.

V. Para PLANNING FOR UAV LANDING ON USV AND COUPLING
PROCESS FOR USV-UAV SYSTEMS

A. Three-dimensional path planning for UAV landing on USV

After generating a sequence of guide points for UAYV, it is
significant to plan effective paths in three-dimensional space
for UAV landing on its carrying platform on the USV by
employing the above guide points. Referring to the UAV path
planning problems, many techniques have been introduced to
plan paths for UAV including [1], [5], [6]. The cubic B-spline
curve is typically utilized to represent the paths for UAV.
Within the cubic B-spline curves, the velocity variation and
acceleration variation of USV are continuous, there are few
changes in curvature, and there exist no singular points.

Suppose there are [+n+1 space vertexs P; (i =0, 1,...,[+n),
[ is the number of the curve segments, n is the index of the
curve. The path of UAV is denoted as Lysy and consists
of k curve segments L;,. L, is controlled by the control
point P; (k = 0,1,...,L, i = 0,1,...,1 + n). Then, for
k =0,1,...,1, the kth curve segment with index n can be
Lin(0)=X" PiskGin(t) t € [0, 1], where G;,(¢) is the basis
function of Ly, and can be Gy, ()= & S5 (~1C/ (t+n -
i— .

Then, referring to the cubic B-spline, its curve index n=3,
and its curve segment L;3(¢) (k=0, ¢t € [0,1]) can be and its
basic curves are shown in Eq. (17).

1 4 1 0[Py
1+ 2 £1|-3 0 3 o||lpP

L =—=F——13 5 3 ollpn| @7
13 -3 1lle

It shows that, as k increased, the sequence of control points

[P Pis1i Piz Pri3]” would be shifted correspondingly,
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where k = 0,1,...,]. And then, for each k (k = 0,1,...,0),
Ly 3 can be generated in succession. Finally, the path of UAV
Lyay can be achieved continuously.

Furthermore, when it comes to the details of Ly 4y, its cubic
B-spline curve should pass through the initial sensed point
Pos 4 and the final landing point Pos . Following that,
to satisfy above requirements, for the point Pps 4, we add
another two control points P,qs 1 and P,qq 2, where the three
points overlap each other. And for Pos ,,, we also add two
control points Pugq » 1 and Pugq m 2, where the three points
overlap each other. Consequently, the two points Pos 4 and
Pos _» would fall on the cubic B-spline curve of the UAV.

cubic B-spline curves are planned for the UAV. Consequently,
with the aid of the curves, the UAV would proceed in the
range of ultrasonic sensors during the landing period, and then
smoothly land on its carrying platform smoothly and steadily.
Finally, to fix the UAV tightly, the carrying platform would be
folded once the UAV landed successfully.

VI. SIMULATIONS AND EXPERIMENTS

To validate the effectiveness of the coupled USV-UAV
systems, we carry out a series of simulation and experiments.
Suppose Loa, By, Dy, dyy denote USV’s parameters length
overall, moulded breadth, depth, and draft in sequence, where

Algorithm Hierarchical landing guide point generation algorithm Loa=165.1cm, By=13.2cm, Dy=15cm, and d,y=11cm.

Input: UAV initial capture position and the original guide
point Pos a(x’,y’,7'); the height hg of the UAV
landing platform above the waterline of USV; the
number of guide points m.

Output: three-dimensional path set Ly3(¢) denoted by cubic
B-spline for UAV landing on USV.

Parameters:line function fj;,.; guide points Pos ;.

1 Calculate fi,, with Pos 4(x',y’,7') by Eq. (14).

2 Calculate Pps ; by Eq. (15).

3 Get average distribution of Pps_; by Eq. (16).

4 Update Pps ; of UAV.

5 Calculate Lo3(r) by Eq. (17).

6 Get path set Ly3(¢#) for UAV landing on USV.

B. Coupling process for the USV-UAV systems
e
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Fig. 6. Schematic of the coupling process of the USV-UAV systems that the
UAV descends to the deck of the USV.

As shown in Fig. 6, in the Fgg coordination system, when
the UAV enters into the range of ultrasonic sensors at the po-
sition ‘A’, a sequence of guide points ‘B’, ‘C’, ‘D’, ...
be generated for UAV based on the hierarchical landing guide
point generation algorithm. With the above guide points, the

would

A. Simulation

When entering the range of ultrasonic sensors, the initial
position Pgs 4 of UAV is captured in the earth-fixed coordi-
nation system Fgg. Suppose Pos 4=(300,400,1000), the final
landing position on the USV deck is G(0, 0, 50), where hg=50.
And there are m = 10 guide points would be generated for the
UAV landing on its carrying platform.

Following that, by employing the hierarchical landing guide
point generation algorithm elucidated in Section IV, the three-
dimensional hierarchical guide points Pps ; (i = 1,...,10) for
the UAV landing on its carrying platform are shown in Table I.

TABLE I
REACHED 3D HIERARCHICAL GUIDE POINTS GENERATED FOR UAV (cm)

Pos a4 Pos 1 Pos 2 Pos 3 Pos a4 Pos s Pos 6 Pos_7 Pos_s Pos 9 Pos_10

P{g 300 430.04 37850 201.40 -455 -150 -191 -142 -57.54 0.76 0
P} 400 132.54 -129.37 -286.25 -300 -200 -59 4851 81.78 50 0
P 1000 905 810 715 620 525 430 335 240 145 50

oS

According to the results in Table I, the generated guide
points can be treated as the control points P; in the UAV path
planning algorithm, wherein Po=Pos 4, and P;=Pgs _;, where
i=0,1,...,9, j =i+1. As stated in Section V-A, to guarantee
the UAV pass through Pps 4 and Pos_,, control points Py 1
and P4 > are added at the initial of the UAV path, and
another two control points Pusy m 1 and Pugq m 2 are added
at the final of the UAV path, where m = 10. Consequently,
there are 15 control points.

Due to there are 15 control points, by subtracting three
control points, then the number of the path sections is 12.
For the ith path section, by using P;, Piy1, Pi2, and Pi3 (i =
0,1,...,11), the cubic B-spline curve can be obtained. Then,
after iteration for 12 times till the last path section reached, the
UAV path planning process would be completed. Fig. 7 shows
the planned paths for the UAV in three-dimensional space, and
the corresponding positions of the UAV carrying platform are
highlighted in color lines.
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Fig. 7. Planned paths in three-dimensional space for the UAV.

B. Experiments

Our designed cooperative USV-UAV platform has won
special awards of Chinese Ocean Vessel Design and Model
Making Competition in 2015 and 2017. Details can be referred
to [4]. Experiments are carried out in the range of 70mx70m
water area as shown in Fig. 8, and wave height falls in [0.1m,
0.3m]. The unit of length is centimeter system.

4/’,{’

e o ]

e for the
5 FUAY platior™

C m\p\u\g
0 0‘“;“\“\ eV

Water area

Fig. 8. Coupling process of the cooperative UAV-USV platform.

To accommodate the positioning accuracy, integrated ul-
trasonic sensors are adopted in the sensor system. When
it comes to parameter performance of the selected sensors,
the transmission center frequency is 40kHz, the maximum
transmission distance is 12m, the beam angle falls in [50°,
60°], and the precision of distance measuring is lcm. As
shown in Fig. 9, four ultrasonic sensors with vertical upward
transmitting directions, are mounted on the front part of the
USVs deck. Wherein two sensors are located on the port side
at a distance of 1.5m along X-direction of the UAV carrying
platform, and at a transverse distance of 1m along Y-direction,
another two are located on the starboard side symmetrically.

To verify the effectiveness of the multi-ultrasonic joint
dynamic positioning algorithm, a series of dynamic positioning
experiments are executed by employing the integrated ultra-
sonic sensors. Four ultrasonic sensors S, ; (i = 1,...,4) obtain
a sum of distance data when UAV landing on its carrying
platform. And nine sets of randomly selected data achieved
by sensors are listed in Table II.

Following that, with the aid of our multi-ultrasonic joint
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Fig. 9. Position distribution of ultrasonic sensors.

TABLE 11
THE PosITION OF THE UAV SENSED BY THE MULTI-ULTRASONIC SENSOR SYSTEM (CM)

1 2 3 4 5
S. 1 46231 43190 461.71 41391 512
Sy 2 48040 49491 544.03 435.10 494.51
S 3 535.82 52393 551.10 432.32 445.62
S a4 51441 468.50 467.56 409.85 461.93
6 7 8 9
Su 1 527.81 487 43850 582.54
Sy 2 47790 42290 413 59593
Su 3 432 43251 4094 532.72
S. 4 49481 49133 43622 513.31

dynamic positioning algorithm, four sets of position details
(x',y’,7') of the UAV are reached. Wherein each set of the
UAV’s position is achieved by a data combination of three
4,1 # j # k), and
consists of nine points. Referring to details of the coupling

ultrasonic sensors S, ;i (i, ,k = 1,...

- Pansol uav

3
L *

UAV carying platform 2

= 200 10
N -300 m (cm)
N~ N 40 \ carrying platfor

70 90y drection of the UA

Fig. 10. Paths of UAV during the landing process in the plane of
Xgs OYgs Zgs of the coupled USV-UAV systems.

experiments, in Fig. 8, path of USV in yellow color and
the coupling range of the cooperative USV-UAV platform are
presented vividly. Fig. 10 presents paths of UAV during the
landing process. The time from USV received UAV landing re-
quest to UAV completely landed on the deck of USV is 3.6min,
the time of the poses adjustment of USV and USV for landing
is almost 2min, the time from UAV captured in the ultrasonic
range for the first time to UAV completely landed on the
deck of USV is near 1.6min. Velocities of UAV and USV are
changing dynamically. Average velocities of USV and UAV
are 0.45m/s and 0.26m/s, respectively. Duration navigation
distances of USV and UAV are 44.5m and 25.6m, respectively.
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In Fig. 11(a), the UAV is over-flying the USV, and they
cooperatively execute some task together at close range, such
as surveillance, patrol, etc. After completing the deployed task,
the UAV tends to land on its carrying platform and sends the
landing commands to the USV. Accordingly, in Fig. 11(b), the
USV unfolds the retractable UAV extended deck, and transmits
the allowable landing commands to the UAV. By employing
the multi-ultrasonic joint dynamic positioning algorithm, the
dynamic position of the UAV can be achieved. When entering
into the definite ultrasonic range, the UAV obtains a series
of guide points by using our hierarchical landing guide point
generation algorithm. Following that, with the aid of the above
guide points, a sequence of cubic B-spline paths are generated
for the UAV, and then UAV approaches to the USV safely and
steadily as shown in Fig. 11(c). Eventually, in Fig. 11(d), the
UAV lands on its carrying platform that located on the USV,
and the retractable UAV extended deck is folded. The above
experiments verify that the designed cooperative USV-UAV
platform can undertake tasks cooperatively, and their coupled
USV-UAV systems are effective.

i F

(a) USV-UAV systems cooperation.

(c) UAV is flying to the USV.

(d) UAV lands on the USV.

Fig. 11. Experiments of the coupled USV-UAV systems.

To validate the effectiveness of our coupled UAV-USV
platform, a large number of water tests under generous of
scenarios are carried out on the cooperative platform, including
USV navigation test, UAV flight test and UAV-USV position-
ing test. Owing to the disturbances of the dynamic external
environment, the landing test would be failed sometimes,
including the UAV positioning test, the UAV tracking path
test, and the UAV initial position capture. To resolve the above
problems occurred in the UAV landing test, according to the
mission planning arrangement, UAV flies to a set altitude to re-
land on its carrying platform. The given altitude should be fall
in the maximum transmission distance of the selected sensors,
and then should be less than 12m. Generally, the current
success rate is quite high and almost 100% if the re-land
procedure is introduced. And the average tests time of 3.6min.

Even occurring the dynamic environmental disturbances, with
the aid of the UAV re-land procedure, as shown in Fig. 11(d)
the UAV would also complete the landing in 10 minutes in
general.

VII. CONCLUSIONS

This paper investigates cooperative platform design for the
coupled USV-UAV systems. We briefly state the cooperative
USV-UAV platform, including its system architecture, trans-
port security design of USV for UAV, and control system.
Then, to achieve the position of UAV in real time, based on
ToA, we propose a multi-ultrasonic joint dynamic positioning
algorithm. To guarantee UAV landing on the USV steadily
and successfully, a hierarchical landing guide point generation
algorithm is introduced. And ways to plan smooth paths
represented by the cubic B-spline curves are demonstrated.
Simulations and experiments validate the effectiveness of our
cooperative USV-UAV platform. In the near future, referring
to the coupled USV-UAV systems, it is meaningful that,
their internal cooperative mechanism and motion environments
would be studied thoroughly. And the obstacle-avoidance path
planning for the heterogeneous USV-UAV platform should be
stressed in depth.
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