27 B 2 W
20104E2 A

1= 2
Control Theory & Applications

5 i A

Vol. 27 No. 2
Feb. 2010

Article ID: 1000-8152(2010)02-0257-06

Design of the basic motion control system for
water-jet-propelled unmanned surface vehicle
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Abstract: Design of the basic motion control strategy for the under-actuated Unmanned Surface Vehicle (USV) is
undertaken. Firstly, the motion control system architecture of the water-jet propelled USV is introduced in detail. According
to the characteristic of water-jet propulsion principle, the USV system is an under-actuated, time-varying and nonlinear
coupled system. Secondly, simulating the coordination control function of the human cerebella, the human-simulate control
strategy is proposed based on the coordination control of astern deflector rotating, nozzle rotating and engine rotation speed.
So the full controlling of the surface vehicle in various sailing states is achieved, and its manoeuvrability and agility are
improved. Then the software architecture for the control system is designed using this idea. Finally, the USV motion
control simulation tests are undertaken in different sailing states. And the simulation validates the effectiveness of the
human-simulate control strategy.
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1 Introduction

The unmanned surface vehicle(USV) is an intelli-
gent surface motion platform, which can navigate safely
in port, riverine, harbour and coastal waterways in a
variety of rolest!l. This surface vehicle has the poten-
tial, and in some cases the demonstrated ability, to re-
duce risk to manned forces, to provide the force mul-
tiplication necessary to accomplish various missions,
and to perform tasks which manned vehicles cannot.
For example, the protector USV, which has successfully
served in the persian gulf and the mediterranean, is able
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to conduct a wide spectrum of critical missions, such as
force protection, anti-terror, surveillance and reconnais-
sance, mine warfare and electronic warfare, while elim-
inating unnecessary risk to personnel and capital assets.
So the USV will be highlighted for increasing special
attention it receives around the world in the future.

In this paper, a water-jet-propelled USV will be in-
troduced. According to the title, its basic motion control
system will be designed using human-simulated intelli-
gent control based on the cerebella model. The USV
is controlled from a control center that can be located
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in a fixed shore facility, mobile shelter, or on board a
ship. And in the future, it will operate autonomously.
So the environment information and control command
should be exchanged between the control center and
the USV through the wireless communications system.
When beyond visual range(BVR) or the remote control
cannot be used, the USV must be able to detect the en-
vironment, target identifications, avoid obstacles, make
autonomous path plans, auto drive and complete a va-
riety of operational missions autonomously. So it must
be capable of changing its position to avoid collision
with other ships and complete various campaign mis-
sions safely due to the complexity of the real marine
environment!?). On the other hand, the USV is only
equipped with water-jet propulsion to drive it, so it is
an under-actuated, time-varying and nonlinear coupled
system. How to design its motion control system based
on the water-jet propulsion is the most important thing
for the USV.

2 Architecture of the USV system

The USV is based on water-jet propulsion, the in-
flatable boat hull and unmanned system to provide high-
speed, maneuverability and intelligence to meet the
strenuous demands of multiple missions. The USV sys-
tem is composed of two main parts: the control cen-
ter and the USV. The USV is equipped with water-jet
propulsion, marine diesel engine, nozzle pump(or au-
topilot pump), rudder sensor, astern deflector pump,
astern deflector sensor, compass, radar, GPS, anemo-
scope & dogvane, lithium batteries, wireless system,
embedded computer systems and so on. The equipment
of the USV system is shown in Fig.1. The aim of this
paper is to design the basic motion control system using
the equipment.
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Rudder sensor,
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Waterjet Engine 3
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Fig. 1 The equipment of the USV system

3 The basic motion control strategy for the
USv

As mentioned above, the vehicle is only equipped
with the water-jet propulsion, marine engine, nozzle

pump and astern deflector pump, which are used to pro-
pel and manipulate the USV. Although the astern de-
flector can be used to drive the USV astern sailing, it
can only adjust the engine crankshaft speed and manip-
ulate the angle of jet nozzle to control the vehicle speed
and yaw, when the USV navigates in a high-speed state.
So the vehicle belongs to the typical under-actuated sys-
tem at the moment. If the roll, pitch, heave of the USV
can not be ignored, in this situation, it is a six-degree
freedom motion system. But the control inputs are still
limited to these two variables, and the characteristic of
under-actuated system is more obvious now.

Besides the under-actuated and strong-coupling
characteristics, as it works in complex marine environ-
ment, the wind, wave and flow all have serious impact
on the USV. The serious disturbance is not only random,
but also uncertain. More importantly the USV is a small
unmanned surface platform, so it is poor in homeosta-
sis. And again, the USV must be capable of changing
its position to avoid collision with other ships or sub-
merged rocks. Therefore, the USV system is an under-
actuated, fast changing, big disturbance and multiple-
input multiple-output nonlinear coupled system!*/. And
stability control of its own motion is highly demanding
in disturbance of complex conditions. And how to co-
ordinate and control the motion actuators, such as jet
nozzle, astern deflector and marine engine, to achieve
stable direction, and precise speed, and to complete the
mission, is the key for designing the basic motion con-
trol system for the USV.

3.1 Design of the human-simulate control strat-
egy for the USV based on the cerebella model

In the control of human body motion, the cerebella
plays an important role, which has two main functions:
one is to incessantly change the motion and correspond
the parts of the body to maintain body balance when
the motion mode and outside environment changing, the
other is to calculate the space time mode of the body
motion and learn it!*!. In here, the basic motion control
coordination module was constructed based on the first
function of the human cerebella. Firstly, the control ex-
perience, skill and instinct logic illation of human were
checked, generalized and summarized from the lowest
layer of the grade step intelligence control system; Sec-
ondly, the coordination control arithmetic was deduced,
which is simple but practical and precise, and capable
of real time running. Finally, the coordination control
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arithmetic was used in the basic motion control system
of the USVP!, The coordination control arithmetic and
the elements of the USV sailing states are as follows:

0 = {0, On}- ey

Where: Q1 = {qLp, qLs}, Ou = {gup, gns}-

Thereinto: Qp : u <y, Oy : u = or.

The symbol meaning of the formula (1) is as fol-
lows:

O, Ou: The basis element of the low-speed sailing
states, the basis element of the high-speed sailing states.

u, 6: The practical speed of the USV, the low-speed
threshold value of the USV.

The character model of the basic motion control of
the USV:

¢ = {¢p, ¢s}. (2)

Where: ¢p = {#Lp, dup}, ¢s = {#Ls, Pus}-

Thereinto:

#Lp = gLDs #LS = gLs, PHD = gHD, PHS = gHs.-

¢p, ¢s: The direction control model, the speed con-
trol model.

The control model of the basic kinaesthesia intelli-
gence of the USV:

¥ = {Yp, ¥s}. (3)
Where: ¥p = {¥Lp, ¥up}, ¥s = {YLs, Yus}
Thereinto:
2.0
Yip : Ay = 1.0 + e(—knxs—kpyy) - 1.0,
2.0
Ap = Apg + Kpy - [10 PR —— - 10],
2.0
Yup < Ar = 1.0 + e(—knxi—kpyy) - 10,
l//LS IAE = 1000,
2.0
AD = ADO + KDI . [10 n e(—lefokDZyD) - 10],
2.0
Yns : Ag = Ago + Kgr - [ 1.0].

1.0 + e(kerxe—keaye)

The meanings of these unreferenced symbols above
are as follows:

YLD, Yup: The low-speed direction control mode,
the high-speed direction control mode;

s, ¥us: The low-speed control mode, the high-
speed control mode;

Aj: The Output of the nozzle controller;

xy,yy: The error of the currently course, the rate of
error change;

ky1, ky: The S pane control parameter ki, k, of the

nozzle controller [¢1;

Ap: The output of the astern deflector controller;

Xxp,yp: The error of the currently sailing speed, the
rate of error change;

kp1, kp2: The S pane control parameter &, k; of the
astern deflector controller;

Apg, Kpy: The previous output of the astern deflec-
tor controller, the integral coefficient of the astern de-
flector controller;

Ag: The output of the engine controller;

xg,ye: The error of the currently sailing speed, the
rate of error change;

kg1, kga: The S pane control parameter k1, k, of the
engine controller;

Agg, Kgi: The previous output of the engine con-
troller, the integral coefficient of the engine controller.

The logic illation rule of the basic motion control
model of the USV:

Q = {Op, Os}. 4

Where: Qp = {0Lp, wup}, s = {wLs, Ous}.

Thereinto:

oLp : if ¢rp then Yp,

wHyp : if ¢pp then Yyp,

os : if ¢rs then Ys,

wys : if ¢ys then Yys.
4 Design of the software architecture for the

basic motion control system

According to the logic illation rule of the basic mo-
tion control model in formula (4), the motion control
software architecture for the USV will be designed us-
ing this method. As a core of the whole USV software
system, the basic motion control module gets motion
control information from wireless equipment, and de-
codes the messages, and decompounds the commands
into different control character models by the dictate ap-
prehend module. So the vehicle speed is compared with
the low-speed threshold value; therefore, the basis ele-
ment of the USV sailing state is ascertained, low-speed
sailing state or high-speed sailing state. Then the char-
acter model is ascertained, direction control model or
speed control model. At this time, the USV gets the ba-
sic kinaesthesia intelligence. If the basic motion control
system gets a motion command, it will be inferred by
the logic illation rule, as showed in formula (4). Sub-
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sequently, the USV carries out different control calcu-
lations by different motion controllers, such as nozzle
controller, astern deflector controller and engine con-
troller. Finally, the USV’S motion actuators are driven

by these controllers to produce the needed thrust and

information, USV’S pose information and USV’S state
information are acquired by the sensor data acquisition
module, and are also fed back to the basic motion con-
trollers, which provides the needed decision-making in-
formation for the basic motion control system®°1. As
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Fig. 2 Software architecture of the basic motion control system

5 Simulation

Now, the design work for the basic motion control
system is nearly completed. The following work is to
validate the reliability and feasibility of this system.
As the USV hull is under construction, the simulation
work of the USV is done to validate the correctness
of the design. Then the simulation of the directional
and speed motion control for the USV is done on the
basic of USV kinematic simulation. According to the
character model of the basic motion control, various
control modes were particularized and their simula-
tion trials are described as follows:

5.1 The low-speed directional control based on
the coordinate control of the astern deflector
rotation and nozzle rotation

According to the logic illation rule of the USV’S
basic motion control model in formula (4), when the
USV is in low-speed mode, the engine crankshaft
standby speed is still too fast. And now it is required
to coordinated control the astern deflector and nozzle

to achieve the control of the USV bow in low-speed.
At this time the astern deflector controller is needed
to control the reversing degree of the astern deflector.
The astern deflector controller and astern deflector
sensor form the closed-loop control, so the control of
the astern deflector is achieved, which is according to
the ¢ p control model as showed in formula (3). The
precision and stability control of bow was achieved by
using the coordination motion of astern deflector and
nozzle in low-speed mode. Its low-speed directional
control simulation trial results were showed in Fig.3.
The control parameters are as follows: where the low-
speed threshold value of the USV was 6, = 4 m/s,
and the engine crankshaft speed was n = 1000 r/min,
and k]l = 2, kJ2 = 5, KDI = 0.1, le = 3, sz =
2.5, u = 2.0 m/s. The effect of low-speed directional
control was showed in Fig.3(a). The practice path-
way of the USV in this control process is showed in
Fig.3(b). And Fig.3(c) displayed the practice jet noz-
zle angle and astern deflector angle with the control
time.
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180 "~ practice based on the above analysis. Its control parameters
120 were as follows: where the engine crankshaft speed
—~ 60 was n = 3600 (r/min), and kj; = 2, kj» = 5. The pro-
E 0 cess of the high-speed directional control was showed
S in Fig.4(a). The practice pathway of the USV in this
0 control process was showed in Fig.4(b). And Fig.4(c)
150 . . . displayed the practice jet angle with the control time.
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mode (Namely, the engine crankshaft speed is greater
than the standby speed), only control the nozzle rota-
tion angle can be better control of the turning of the
USY, so the ¥ygp control mode is adopted to control
the bow of the USV hull in high-speed sailing state.
In this mode, the improved S panel control method
was used to design the nozzle controller, which was
combined with the rudder sensor to form the control-
loop. And the nozzle pump was driven by the con-
troller to steer the nozzle in real-time. The directional

control simulation trial in high-speed mode was done

Control time / (0.5 s)

(c) The curve of practice jet angle

Fig. 4 Analysis of the USV directional control

5.3 High-speed control

When the USV needs high-speed sailing(namely,
the engine crankshaft speed is greater than the
standby speed), only controling the engine crankshaft
speed can be better for control of the speed of the
USYV, so the yys control mode is adopted to con-
trol the USV speed based on the control model logic
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illation. And in this mode, the improved S panel
integral control method was used to design the en-
gine controller, which was combined with the engine
crankshaft speed feedback to form the control-loop.
And the water-jet pump was driven by the controller
to control the jet flux in real-time. The speed control
simulation trial in high-speed mode was done based
on the above analysis. Its control parameters were
as follows: Kgy = 0.1, kg = 2, kgp = 2.5. The
6 m/s speed control was processed, then the expect
speed was changed to 10 m/s and follow to 4 m/s
as showed in Fig.5(a). The practice engine output at
crankshaft and propeller power in this control process
were showed in Fig.5(b). And Fig. 5(c) displayed the
practice engine running parameters with the control
time.
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Fig. 5(a) The curve of speed control
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Fig. 5(b) The curve of practice engine rotation
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Fig. 5(c) The curve of practice output at crankshaft

6 Conclusions

The architecture of the USV’s basic motion con-
trol system is presented in terms of the hardware in
this paper. And the motion coordination control strat-
egy for the USV was proposed based on the human
cerebella model. Then the reliability and feasibility
of the system architecture verified by simulation trial
is given. It showed that the human-simulated coor-
dination control strategy based on cerebella model is
applicable for engineering.
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