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Abstract: Due to the high propulsive efficiency and better maneuverability under high speed, the
water-jetted unmanned surface vehicle (USV) is widely studied and used. This paper presents
complete maneuvering tests and control algorithm designed for a twin water-jetted USV model.
Firstly, a wireless network control platform is established, and maneuvering tests, for instance,
an inertia test, zig-zag test and turning test, are carried out to verify the maneuverability of the
USV. In light of the complexity and uncertainty of ship sailing and ship handling, the Human
Simulated Intelligent Control (HSIC) method is utilized to optimize the response time, accuracy and
robustness of the controller. Finally, for the path following and track rectification part, a Line of Sight
(LOS) algorithm is improved and proved practicable with triangle/square path tests. The proposed
intelligent navigation algorithm specially designed for matching with the control methods, showing
satisfactory improvements on the motion control and path following of the specific USV.

Keywords: water-jetted USV; maneuvering; wireless network control platform; model tests; HSIC
algorithm; path following

1. Introduction

Unmanned surface vehicles (USV) are vehicles that operate on the surface of the water
without a crew on board. In terms of the propulsion modes, propelled and water-jetted USVs
are normally experienced. Water-jetted propulsion is characterized with better propulsion efficiency [1],
maneuverability and anti-cavitation performance [2,3], and has attracted more attention than propeller
propulsion, which is suitable for the unmanned craft.

With the development of intelligent control, information communication technology, satellite
positioning and navigation systems, water-jetted USVs are of great significance in the military
throughout the world [4]. For example, the ‘Inspector’ [5], the ‘Stingary’ [6], the ‘Owl MK II’ [7] and the
‘Silver Marlin’ [6] are very good at tasks of mine clearance, anti-submarine, sea interception, search and
rescue. In addition, water-jetted USVs like ‘AutoCat’ [8], ‘UMV-O’ [9], ‘HaiTeng 1’ [10] and ‘JingHai 1’ [11]
play an extremely important role in civil fields, such as resource exploration, hydrography [12], channel
measurement and atmosphere exploration [13].

Since maneuverability is one of the basic performances of USV [14], good maneuverability is
important in safe and economic navigation. Li et al. (2008) [15] analyzed the thrust and torque
of the pump and the split duct deflector under different working conditions, and based on the
ship maneuvering mathematical model MMG, the movement caused by twin water-jet propulsion
units was simulated. The results showed that the steering device was with excellent maneuvering
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performance, and could be applied as a controller to steer the ship ahead, astern and to any other
condition. Huang (2015) [16] investigated the surface stress of USV and divided it into inertia type
of fluid power, viscous fluid power, stern drive propeller power, wind interference force, wave and
current effect. The corresponding mechanical model was established for each force and, finally, a six
degrees of freedom (6-DOF) model of USV was presented. Then, the turning test and the zig-zag
test were conducted under normal sea conditions. Using the least-squares algorithm, the parameters
of the response model for ‘LANXIN’ USV were identified. Ma et al. (2015) [17] investigated the
maneuverability indexes of K and T involved with a self-controlled USV through the inertia test,
zig-zag test and turning test, the steering quality indexes were found decreasing with the increases of
the steer angles, and the value of K changing more smoothly in the process.

The control system is a vital issue in the research and development of USV. To solve the problems
caused by the changeable navigation environment and hydrological conditions of USV, the uncertainty
of ship dynamic model, random environmental interference and inaccurate measurement information,
some scholars put forward the motion control theory of ‘humanoid intelligence’ into practice. It has
been applied to the field of ship control. Zhang et al. (2018) [18] designed a controller by using a
human-simulated intelligent PID (proportion-integral-derivative) algorithm, and the heading control
was realized. Hu (2017) [19] designed an automatic driving system based on HSIC and achieved an
accurate path track of an unmanned ship combined with the humanoid control strategy. Zha et al.
(2006) [20] simulated the motion control of an underwater robot and achieved a good result. Considering
that the system could simulate human control decision-making ideas, it can work in actual engineering
applications with a high performance of robustness, accuracy and rapidity.

Path following is a fundamental problem for USVs [21,22], which means the vessels have to
follow a predefined path without time constraints [23], and it is generally accepted that the Line
of Sight (LOS) guidance law is able to achieve path following. For the purpose of improving the
adaption of the controlling system, Liu et al. [24] introduced the longitudinal path following error
in Serret-Frenet coordinate frame into LOS, which proved to be of great effectiveness. Based on a
modified two-dimensional LOS with integral action and two feedback controllers, Caharija et al. [25]
implemented an auxiliary system to reduce the influence of wave drift, wind load and current in the
ocean. Lekkas et al. [26] optimized the LOS method with a time-varying equation for the lookahead
distance, which shortened the response time for path reselecting, and strengthened the robustness of
the algorithm. The remainder of this paper is organized as follows: Section 2 describes the 3-DOF ship
movement equation and obtains reliable execution parameters through experiments. Section 3 presents
the system architecture, introduces HSIC control law, performs experiments, both in simulation and
physical conditions, and illustrates the rule of autonomous navigation and presents experimental
results of path following. Finally, Section 4 presents conclusions and future work.

2. Materials and Methods

Considering the motion characteristics of USV, an Abkowite model for 3-DOF maneuvering
mathematical model, referred to as surge, sway and heave, is made. In Figure 1, inertial coordinates

∑
,

O−XY, and body-fixed coordinates
∑

1, O1 −X1Y1 are used, and δ is the rudder angle. The kinematic
equation relating velocity components in the inertial frame to those in the body frame is described as
Equation (1), X and Y are the first derivative of X,Y respectively, ψ is the heading (yaw) angle, (u,v) is
the body-fixed velocities (surge and sway), and r is the yaw rate.

X = u cosψ− v sinψ
Y = v sinψ+ u sinψ
ψ = r

(1)
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Figure 1. Coordinate system of ship. 

 

cos sin
sin sin

X u v
Y v u

r

ψ ψ
ψ ψ

ψ

 = −


= +
 =






 (1) 

To simplify the issue, the external disturbance caused by the environment is not taken 
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where, m  is mass of USV, kg; zzI  is the moment of inertia around the z-axis, (kg·m2); Gx  is center 
of gravity of USV, k  is proportionality coefficient, which can be determined by simulation and tests, 

maxδ  is the maximum rudder angle, °; uX  , vY , rN  , na , nb , nc  （n = 1–15） are the hydrodynamic 
derivatives. 

For water-jetted USV, its power is provided by the reaction force of the water flow (Equation 
(4)) 

( )J a eT Q v vρ= −  (4) 

where, JT  is the thrust derived under the ideal condition, N; ρ  is the mass density of the fluid, 
kg/m3; Q  is the volume rate of flow through the water-jet, m3; av  and ev  denote the velocity of 

flow at outlet and inlet, m/s. (1 )e sv vω= − , sv  is the velocity of USV, m/s; ω  is the wake coefficient, 
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Figure 1. Coordinate system of ship.

To simplify the issue, the external disturbance caused by the environment is not taken consideration,
the ship equations of motion can be written as Equation (2)

m−Xu 0 0
0 m−Yv mxG −Yr
0 mxG −Nv Izz −Nr




u
v
r

 =


f1
f2
f3

 (2)

where:

f1 = a1u + a2u2 + a3v2 + a4r2 + a5rv + a6(kδmax(1− T))2 + a7u(kδmax(1− T))2

+a8v(kδmax(1− T)) + a9uv(kδmax(1− T))
f2 = b1v + b2r + b3v2r + b4vu + b5ru + b6(kδmax(1− T)) + b7u(kδmax(1− T))

+b8u2(kδmax(1− T)) + b9v(kδmax(1− T))2 + b10v2(kδmax(1− T)) + b11 + b12u + b13u2

f3 = c1v + c2r + c3v2r + c4vu + c5ru + c6(kδmax(1− T)) + c7u(kδmax(1− T))
+c8u2(kδmax(1− T)) + c9v(kδmax(1− T)) + c10v2(kδmax(1− T)) + c11 + c12u + c13u2

(3)

where, m is mass of USV, kg; Izz is the moment of inertia around the z-axis, (kg·m2); xG is center of
gravity of USV, k is proportionality coefficient, which can be determined by simulation and tests, δmax

is the maximum rudder angle, ◦; Xu, Yv, Nr, an, bn, cn (n = 1–15) are the hydrodynamic derivatives.
For water-jetted USV, its power is provided by the reaction force of the water flow (Equation (4))

TJ = ρQ(va − ve) (4)

where, TJ is the thrust derived under the ideal condition, N; ρ is the mass density of the fluid, kg/m3; Q
is the volume rate of flow through the water-jet, m3; va and ve denote the velocity of flow at outlet and
inlet, m/s. ve = (1−ω)vs, vs is the velocity of USV, m/s; ω is the wake coefficient, ω = 0.55Cb − 0.2, Cb is
a square coefficient. The turning moment acting on the unmanned boat can be written as Equation (5)

Mp =
PD

2πn
(5)

where, MP is propeller absorption torque, (N·m); PD is the required shaft power of the jet pump, W;
PD = psηc, ps is the main engine power, W; ηc is the shafting efficiency; n is the rotational speed of the
pump, r/min. For the twin water-jets USV, the relationship between rudder angle and rotational speed
can be written as Equation (6)

δ = k(1− n2/n1)δmax (6)
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where, n1 is left motor speed, r/min; n2 is right motor speed, r/min.
Based on the above model, some ultimate operation conditions can be estimated, which is beneficial

to design the constraint conditions during actual motion control and path planning. These constraints
are used to improve the reliability and accuracy of course and track control. Therefore, the following
constraints are established for autonomous navigation in reality:

(1) Constraints of Rotational Speed Rotation speed n1 ⊂ [0, 2500], n2 ⊂ [0, 2500], δ = k(1 − T)δmax,
δmax = 20, therefore 0.6 ≤ T ≤ 1.5.

(2) Constraints of Heading Angle Deviation

(ψkg −ψi)
2
≤ ai

2, i = 1, 2, 3 . . . n, k = 1, 2, 3 . . . s (7)

where, k is the target point subscription, i is real-time dynamic position subscription of USV, ψkg
is reference heading angle of USV from starting point to target point, ◦; ψi is the real-time heading
angle of USV, ◦; ai is maximum deviation between reference heading angle and current heading
angle of USV, ◦. By running tests, the specific relations between the rudder angle and rotational
speed are shown in Table 1.

Table 1. Mapping relations between rudder angle and rotational speed.

Simulated
Rudder Angle

Simulated
Cycle Radius

Simulated
Speed

Left Pump Rotational
Speed n1–Right Pump
Rotational Speed n2

(0–2500 r/min)

Turning
Radius Speed

5◦ 10.9 m 3.0 m/s 1625 r/min–1500 r/min 11.25 m 3.37 m/s
10◦ 9.5 m 3.5 m/s 1775 r/min–1500 r/min 9.63 m 3.56 m/s
15◦ 6.8 m 3.5 m/s 1950 r/min–1500 r/min 7.16 m 3.74 m/s
20◦ 5.2 m 4.0 m/s 2150 r/min–1500 r/min 5.51 m 3.96 m/s
−5◦ 12.8 m 5.5 m/s 1950 r/min–2200 r/min 13.46 m 5.52 m/s
−10◦ 11.1 m 5.0 m/s 1775 r/min–2200 r/min 11.64 m 5.12 m/s
−15◦ 8.5 m 5.0 m/s 1625 r/min–2200 r/min 8.93 m 4.71 m/s
−20◦ 5.9 m 4.5 m/s 1550 r/min–2200 r/min 6.12 m 4.13 m/s

The table illustrates that, when the speed is less than 4 m/s, δ = k1(1 − n2/n1)δmax, δmax = 20,
k1 ≈ 3.3, the USV turns left with n1 = 1500 r/min while it turns right with n2 = 1500 r/min. Apart from
that, when the speed is more than 4 m/s, k2 ≈ 2.0, the USV turns left with n1 = 2200 r/min, while it
turns right with n2 = 2200 r/min.

3. Results

The USV studied in this paper is 3 m long and 1.3 m wide with twin water-jets (Figure 2), the main
parameters of the USV shown in Table 2.J. Mar. Sci. Eng. 2020, 8, x 5 of 19 
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Table 2. Particulars of the USV.

Items Value

Mass (m) 217.4 kg
Draft (D) 0.36 m

Rated speed (n) 2500 (r/min)
Maximum speed (v) 6.2 (m/s)

Center of gravity (XG) 0.23 m
Length (L) 3 m
Breadth (B) 1.3 m

3.1. Construction of USV Control System Platform

3.1.1. Hardware Structure

The power drive unit includes H-bridge dual-motor drive, which can drive 1000W power load,
with optocoupler isolation. The propulsion consists of two DC brush motors, and the control signal is
provided by the analog signal pins of the microcontroller.

The control system of the USV covers two parts: hardware part is based on the micro control unit
(MCU), including sensor components with functions of environment sensing and signal acquisition;
software part includes signal processing, motion control, path planning algorithm, etc.

Hardware section: the unmanned boat control system depicted in Table 3, includes MCU; wireless
network communication unit; driver unit and dynamic perception unit.

Table 3. System structure.

Function Device

Micro Control Unit (MCU) STM32F103VET6
Inertial Measurement Units (IMU) MPU9250

Navigation GPS + digital compass
Communication GPRS + Zigbee

Debugging Zigbee
Others SIM, antenna, motor controller

3.1.2. Software Architecture

The Web Server is built on China Unicom ECS (Elastic Compute Service). The link to the website is
http://www.cheerstech.cn/system/. The design adopts the layered B/S software architecture. Only one
browser needs to be installed on the client. SQL Server, Oracle, MySql, and other databases are installed
on the server; the browser interacts with the database through Web Server.

The device establishes a long SOCKET connection with the server through the TCP protocol,
so that the lower computer and the upper computer establish a stable data transmission channel for
data uploading and downloading. The tool that is utilized includes the library of marker and distance,
Baidu map API (http://api.map.baidu.com/api?v=2.0) is called for location display and path point setting
of unmanned boats. Figure 3 shows the signal flow of the control processing. And other tools used in
this paper can be seen as: http://api.map.baidu.com/library/MarkerTool/1.2/src/MarkerTool_min.js and
http://api.map.baidu.com/library/DistanceTool/1.2/src/DistanceTool_min.js.

http://www.cheerstech.cn/system/
http://api.map.baidu.com/api?v=2.0
http://api.map.baidu.com/library/MarkerTool/1.2/src/MarkerTool_min.js
http://api.map.baidu.com/library/DistanceTool/1.2/src/DistanceTool_min.js
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3.2. Maneuvering Test

After establishing the mapping relationship between the rudder angle and rotational speed,
based on these parameters, inertia test, zig-zag test and turning test were carried out to verify the
maneuverability and applicability of the parameters of the USV.

3.2.1. Inertia Test

The inertia tests are consisted of two main parts, one is speed regulation test and the other one is
stopping test. The experimental procedure is:

(1) First, set a coordinate for the twin water-jetted USV, along the direction of the berth of the water
tank is the X axis, and the direction perpendicular to the berth boundary is the Y axis.

(2) Second, set the heading to positive Y direction, and start the USV with an initial velocity of 4 knots
(around 2 m/s), then send command to the USV to adjust the velocity to 10 knots (5 m/s), activate
the stopping command as the hull reaches the given speed, record the speed variations at 1 Hz,
when the ship is relatively motionless to the water, stop the execute.

(3) Finally, trim the heading to ± 10◦ on Y-axis, and repeat procedure 2.

Figure 4 shows the speed-time curve of the inertia test carried out along positive Y direction,
it takes the USV 6 s to reach the given speed (around 9 knots), and arounds 17 s to slide around 19 m.
And the velocity curve at ± 10◦ course angles are illustrated in Figure 5a,b, respectively, it takes around
6 s to reach full speed, and 10 s to stop the ship from full speed, the stop stroke is approximately 29 m
in both tests, while in −10◦ test (Figure 5a) the achieved full speed is 9 knots (10 knots set), in +10◦ test
that is 10 knots with 10 knots commanded.

According to the maneuvering standards, stop stroke less than 8–20 times of length of all (LOA),
namely 24–60 m, so it can be concluded that the USV has a good ability in terms of speed regulation
and good maneuverability.
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Figure 5. Velocity curve of inertia test at ±10◦ course angle ((a): −10◦ course angle; (b): 10◦ course angle).

3.2.2. Zig-Zag Test

The 20◦/20◦ zig-zag test is carried out to validate the maneuverability of the USV, the characteristic
test procedures are as follows: (1) first, the USV sails with a certain speed (10 knots (5 m/s) of velocity,
3000 r/min of the pump rotation rate), after a steady approach, steers 20◦ to starboard side rapidly,
and maintains the rudder angle for 3 s; (2) when the heading angle of the hull is 20◦ off the initial
course, the rudder is rapidly put over to port side with the same angle of 20◦ and hold the helm for 3 s;
(3) finally, the test accomplishes until the heading is equal to the initial heading. It should be noted that
the variables of the heading angle are recorded at 1 Hz within the test process.

The rudder response of the USV 20◦/20◦ zig-zag test is illustrated in Figure 6, the first overshoot
angle is about 20 degrees, which accords with the maneuvering standards—the first overshoot angle in
20◦/20◦ zig-zag test less than 25 degrees.
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3.2.3. Turning Test

In the turning test part, the right/left full rudder tests are performed, respectively, the process can
be described as: the test starts with a steady straight velocity of 10 knots (5 m/s), and then the rudder is
turned to the maximum left/right rudder angle permissible, and held up until the USV has performed
a turning circle beyond 540◦. It is notable that the path of hull is recorded with a time integral of 1 s.

Figure 7a,b shows the trajectory of port side and starboard side turning tests, respectively. It could
be observed that in port side test, the advance distance (Ad) is 11.5 m, the tactical diameter (DT) is
7.1m, and in starboard side test, Ad is 14m and DT is 3.9 m, which measure up to the maneuverability
standards—the Ad of the turning circle less than 4.5 times the Lpp (length of perpendicular) of ship,
which can be supposed as the length of all of the USV, namely 3 m; and the DT of the turning circle less
than 5 times the Lpp.
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3.2.4. Discussion

It can be concluded that through the inertia test, the 20◦/20◦ zig-zag test and turning tests,
the results are generally acceptable for engineering application.

(1) Results in Figure 5 indicate that the USV has a good speed regulating ability, and good
maneuverability with less than 10 times of LOA in both positive directions stopping test
and ±10◦ heading direction stopping tests.
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(2) Figure 6 illustrates the rudder response of the USV in the 20◦/20◦ zig-zag test, the first and second
overshoot angles are about 20 degrees, which accords with the maneuvering standards.

(3) From Figure 7a,b, it can be seen that in port side test of turning tests, the advance distance (Ad) is
11.5 m, the tactical diameter (DT) is 7.1 m, and in starboard side test, Ad is 14 m and DT is 3.9 m,
which measure up to the maneuverability standards.

(4) It can be concluded from results of the maneuvering tests, that the USV has good maneuverability
and the performance is generally acceptable for engineering application.

3.3. HSIC Control

In the above tests, the output of the controller is a rudder angle, which controls the speed variance
of the rotation speed of the motors n1 and n2 to realize the steering of USV. However, for the purpose
of increasing mission efficiency and achieving the motion goals of the USVs in a dynamic sailing
environment [27], researchers now utilize the Human Simulated Intelligent Control (HSIC) to study
complex and uncertain systems, the flow chart of Human Simulated Intelligent Control is shown
in Figure 8. The current navigation state of the ship corresponds to the control deviation, and the
movement trend corresponds to the deviation change rate. The model of HSIC can be expressed as
Equation (8)

U =


k ·Kp

n−1∑
i=1

em,i + Kpe(e · e > 0∪ e = 0∩ e , 0)

k ·Kp
n∑

i=1
em,i (e · e < 0∪ e = 0)

(8)

where, U is the controller output; KP is the proportional gain coefficient of the controller; k is the
suppression factor of the controller (0 ≤ k ≤ 1); e is the systematic error; e is the error rate of change
em,i is the extremum of error. In actual navigation, the USV control system abides the following
steps, KP, Kd, Ki coefficients are values for determining the effect of particular terms on the automatic
process control.
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Based on the experiment data in Table 4, the relationship between control variables (rudder angle)
and state variables (course) can be determined. In this simulation test, the threshold of deviation and
variation rate of deviation are set to e1 = 5, e1 = 5, e2 = 5, e2 = 5.

Table 4. Mapping relation of rudder angle and rotation speed n1 and n2.

Rudder Angle
Left Pump Rotational Speed

n1–Right Pump Rotational Speed n2
(0–2500 r/min)

KPi Kdi Kii

5◦ 1625 r/min–1500 r/min 765 0.3 100
10◦ 1775 r/min–1500 r/min 1275 0.5 100
15◦ 1950 r/min–1500 r/min 1530 0.6 100
20◦ 2150 r/min–1500 r/min 2040 0.8 100
−5◦ 1950 r/min–2200 r/min 765 0.3 100
−10◦ 1775 r/min–2200 r/min 1275 0.5 100
−15◦ 1625 r/min–2200 r/min 1530 0.6 100
−20◦ 1550 r/min–2200 r/min 2040 0.8 100

To satisfy the accuracy level and make the control effect serve the purpose of practice, the control
coefficient kp, ki and kd in the PID controller are modified. The control effect is optimal when kp = 1200,
kd = 0.74, ki = 75 among pre-experiments. Selecting 45◦, 90◦, 135◦ and 180◦ east-north course angles
as the input response of unit-step signal, simulations are conducted to compare the control effects
of the PID controller and HSIC, and the result is shown in Figure 9. The result indicates the HSIC
controller is better than the PID controller, and the HSIC controller has a better speed of response,
smaller overshoot and shorter time to reach a steady state than the PID. When the target input of the
controlled object changes, the HSIC controller can still ensure that the controlled process is monotonous,
with no overshoot and no static error.
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3.4. System Simulation Test

After validating the performance of the motion control based on HSIC method through simulation
tests, full-scale USV tests are carried out to validate the practicability of the control algorithm.
The specific procedures are as follow: two target points are set up through the host computer control
platform, starting point ‘O’ and terminal point of reversal ‘S’, which form a straight sailing course
with an azimuth of 200◦ north by east. The USV would sail to the starting point ‘O’ (deviation of the
radius less than 7 m), then automatically adjust the heading angle to target course with a threshold
error of ±5◦, and sail straight to the terminal point. The system acquiesces the USV accomplishes
reversal when the USV reaches the area around the terminal point within a 5 m radius, and by then
the USV executes stop command. The results of the test are shown in Figure 10, where the length of
direction-maintaining control test is 22.2245 m, speed of USV is 7 knots (3.5 m/s), the error of path is
under 1 m, error of course angle is under 2◦.
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3.5. Path Following of USV

The precise path following during maneuvering is very important [28], especially for autonomous
water platform, the control logic of which can be divided into two parts of algorithm: the upper is the
navigation algorithm based on LOS, and the underlying is a motion control algorithm based on the
HSIC method. This method is a supplement to the Serret-Frenet frame under the situations of high
speed and large turning angles, while in other cases, it is consistent with the Serret-Frenet frame.

3.5.1. Path Correction

As shown in Figure 11, hk is the vertical distance between the current position (P) and the set
route, m; hk+1/k illustrates the vertical distance at k + 1, m; ψk is the current heading angle, ◦; vk is the
velocity, m/s.
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Through analyzing, when the sampling period is ∆t,

αk = ψk + arcsin(
hk − hk+1/k

vk∆t
) (9)

when hk−hk+1/k
vk∆t → 0 , Equation (9) becomes

hk+1/k = hk − (αk −ψk) · vk∆t (10)

If the heading changes,

∆ψ =
∆hk+1/k

vk∆t
(11)

where, ∆hk+1/k is to predict the change of track deviation at the next time, m. According to Equation (10)
and the K-T equation,

δk+1 =
∆hk+1/k

Kvk(1− e−
∆t
T )∆t2

(12)

where, δk+1 is the target rudder angle for control, ◦; K is the turning ability index, T is the turning lag
index. The purpose of path correction can be achieved by predicting the path deviation variation at the
next moment and outputting the specified rudder angle value correspondingly. By looking up the data
in Table 1, the speed of the motor can be controlled to rectify the path deviation.

3.5.2. Steering Point Control

As shown in Figure 12, P is the current position, and P is at the outer circle boundary of the
steering control area. Lp is the distance between P and the next turning point Pk+1, m. Make the vertical
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line of PkPk+1 through P, and intersect with Ph. hp is the current track deviation, m. ∠Pt1PoP = θ,
∠Pt1PoPk+1 = ∠Pt2PoPk+1 = α and ∠PkPk+1Pk+2 = 2β are the constraint boundary. Po is the center of a
circle with radius rp passing through P, and is tangent to Pt1 and Pt2. If the USV turns in light of the
expected turning radius rp, the ideal path line will be tangent to the two expected routes PkPk+1 and
Pk+1Pk+2, then the relatively stable turning be can be achieved.J. Mar. Sci. Eng. 2020, 8, x 14 of 19 
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It can be seen from the above figure, rp cosθ = rp − hp

rp sinθ =
√

Lp
2
− hp

2
− rp tanα

(13)

where, α = π
2 − β, let l =

√
Lp2 − hp2 (l is PhPk+1), Equation (13) can be changed to:

tan2 α · rp
2
− 2(hp + l tanα)rp + Lp

2 = 0 (14)

let A = tan2 α, B = −2(h + l tanα), C = Lp
2, then rp1 = −B+

√

B2−4AC
2A

rp2 = −B−
√

B2−4AC
2A

(15)

there will be many solutions in Equation (15), as shown in Figure 13.

(1) When ∠PkPk+1Pk+2 = 2β > 90, rp = rp1;
(2) When ∠PkPk+1Pk+2 = 2β = 90, rp = rp1 = rp2 = − B

2A ;
(3) When ∠PkPk+1Pk+2 = 2β < 90, rp = rp2.

The sampling period ∆t = 1 s, the velocity is 5–10 knots (2.5–5 m/s), through Table 1, the speed of
the motor can be controlled to achieve stable steering.
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3.5.3. Experiments of Multi-Point Path Following

After the improvement of path correction and steering point control of the LOS algorithm,
combined with the USV control system, the principle of path following program is shown in Figure 14.
To verify the applicability of the algorithm, a triangular path test, and a square path test were carried out.
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Triangle Path Test

The results of the triangle path test before and after the improvement of the control program are
shown in Figure 15. Before the triangle path test, the path length of the path is 120.8610 m, maximum
path error is up to 8 m, the average error is 3.2 m. After the improvement, the maximum error is
modified to 3.6 m, and the average error is 1.8 m. So, the improved algorithm has a higher path
following accuracy.
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Figure 15. Triangle path test and error analysis ((a): before improvement; (b): after improvement).

Square Path Test

The results of the square path test before and after the improvement of the control program are
shown in Figure 16. Before the square path test, the path length of the path is 151.840 m, maximum
path error is up to 4.9 m, the average error is 3.5 m. After the improvement, the maximum error is
modified to 3.8 m, and the average error is 1.5 m. Thus, the improved algorithm has a higher path
following accuracy.
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Figure 16. Square Path Test and Error Analysis ((a): before improvement; (b): after improvement).

3.5.4. Discussion

In order to solve the problem of path correcting and steering point controlling, the LOS algorithm
has been improved. Combined with the system network control method, the path following experiments
of triangle and square path tests are carried out, and the errors of path following before and
after the improvement are compared, which proves that the improved algorithm has higher path
following accuracy.

Limited by the experimental conditions, the tests in this paper are carried out in a still water tank.
Considering that in real sea conditions, the USV will be affected by wind, wave, current and other
environmental disturbances, they can be regarded as external forces and added to the mathematical
model by randomly combined cosine functions, which would lay the foundation for the application of
the algorithms.

4. Conclusions

Complete modeling, and control design for maneuvering a twin water-jetted USV along the
desired path has been presented. The maneuvering procedure with tests have proved that the control
system platform with intelligent navigation algorithm can improve the motion control and path
following of the USV. The detailed works include:

(1) A 3-DOF mathematical model of the USV was established, an integrated control system was
designed and verified through maneuvering tests, for instance, inertia tests, zig-zag test and
turning tests. The results show that the twin water-jetted USV has good maneuverability, and
follow-up researches can be carried out based on this hull;

(2) The HSIC algorithm was designed, and the comparative test of heading control was carried out.
The reliability of the algorithm was verified by real ship experiments;

(3) The Line of Sight (LOS) algorithm was improved to realize the USV on the set route. Autonomous
navigation path following and track rectification were realized, and experimental verification
(triangle/square path test) of the practicability of the algorithm were carried out.

In future research, the influence of wind, wave, current, and other environmental disturbance
factors should be taken into account. In the path planning experiments, the problems of obstacles
and autonomous collision avoidance need to be considered. In addition, to increase the stability and
reliability of the control system, it is necessary to optimize the multi-sensors fusion of USV.
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