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a b s t r a c t

The control architectures of Chuan Suo (CS) deep submergence rescue vehicle are introduced. The
hardware and software architectures are also discussed. The hardware part adopts a distributed control
system composed of surface and underwater nodes. A computer is used as a surface control machine.
Underwater equipment is based on a multi-board-embedded industrial computer with PC104 BUS,
which contains IO, A/D, D/A, eight-channel serial, and power boards. The hardware and software parts
complete data transmission through optical fibers. The software part involves an IPC of embedded
Vxworks real-time operating system, upon which the operation of I/O, A/D, and D/A boards and serial
ports is based on; this setup improves the real-time manipulation. The information flow is controlled by
the software part, and the thrust distribution is introduced. A submergence vehicle heeling control
method based on ballast water tank regulation is introduced to meet the special heeling requirements of
the submergence rescue vehicle during docking. Finally, the feasibility and reliability of the entire system
are verified by a pool test.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Submarines are characterized by good concealment and capa-
bilities to travel over long distances and withstand strong shock,
and they are effective means of naval tactical attack and strategic
defense. Given the particularity of the working environment of
submarines, escape can be difficult for the crew during an under-
water accident (William, 2013; Brown et al., 2016; Paul, 2015; Hans,
2012).

According to incomplete statistics, since 1900, the navy sub-
marines of the United States, Russia, Britain, and France have been
involved in more than 400 major accidents in a peaceful environ-
ment, causing sinking of more than 180 submarines and death of
more than 3000 sailors (Weicheng et al. ; Hidehiko et al., 2012; Rui
and Jingqi, 2012); however, for confidentiality and other reasons,
the accidents that actually happened must have exceeded that
number. In August 2000, an accident involving the “Kursk” nuclear
submarine of the Russian navy (Fig. 2) shocked the world and once

again aroused the attention to research on submarine rescue
technology during peacetime (Anette and Amram, 2014; Benguo
et al., 2007).

Submarine crewmembers can use several ways to escape when
an accident occurs. Deep submergence rescue vehicle (DSRV)
rescue is the most reliable and effective way and the main devel-
opment direction of submarine rescue in the future (Ratcliffe et al.,
2012; DeSpirito and Hannuksela, 2008; Grob, 2007; John, 2008).

On April 10, 1963, an accident happened when the “Thresher”
nuclear submarine of the U.S. Navy (Fig. 1) was conducting diving
trials in the Atlantic and resulted in death of 129 crewmembers at
sea. This nuclear submarine accident is the first in the world. This
tragic event prompted the U.S. Navy to propose a rescue plan in
May 1964 and to develop a DSRV. In 1966, Lockheed Missiles and
Space Company built DSRV-1 Mystic for the U.S. Navy, which is the
first DSRV in the world. Mystic was launched in 1970. In 1971, this
company built the second DSRV called DSRV-2 Avalon. Avalon and
Mystic possess approximately the same size and function, and both
were in service in 1977 and retired in 2000. They have been
replaced by the Submarine Rescue Diving Recompression System
(Benguo et al., 2007; http ).

Russia hasmore advanced deep submergence rescue technology
that before with two series of DSRVs, namely, the Bester and Priz
series. The Priz series was designed by Lazurit Design Firm and has
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been in service since 1986. This series is composed of four DSRVs,
namely, AS-26 (completed in 1986), AS-28 (1989), AS-30 (1989),
and AS-34 (1991) (Jing, 2009).

The LR series built by Perry Sling by Systems is a famous British
DSRV. LR5 is one of themain DSRVs that NATO uses in submergence
rescue, and it participated in the Russian “Kursk” nuclear subma-
rine rescue operation. The company then developed the LR7 sub-
marine rescue system for NATO. LR7 possesses a total length of 25
feet (approximately 7.6m) and can dive to a depth of 300m for
more than 12 h. During operation, the position of the wrecked
submarine is first determined through a spherical transparent
cover in the bow of LR7. Through the interaction between the
interfacing apparatus below LR7 and the wrecked submarine, the
personnel in the wrecked submarine can be safely transferred to
the rescue vehicle. According to the design targets, LR7 can
implement rescue for various types of nuclear and conventional
submarines (Stubbs, 2012; Yanyan et al., 2010; Toby and Manion,
2011).

China has been researching DSRV technology. They indepen-
dently developed a DSRV in 1987 and installed a dynamic posi-
tioning system by the end of the 1990s, thereby improving the
docking success rate. The maximum depth of the DSRV is 600m,

the maximum speed is 4 kn (less than 1.5 kn in current), and the
visibility is more than 0.5m. If the vertical and horizontal tilts of the
wrecked submarine are not too large, then the DSRV can proceed
with the rescue operation. China purchased an LR7 DSRV from the
United Kingdom in 2008, as shown in Fig. 3, which is still in
operation. In recent years, the country has been investing in the
field of submarine rescue equipment and has made great progress;
however, a large gap remains in the level of equipment compared
with that of advanced foreign countries (Weicheng et al. ; Benguo
et al., 2007; Yanyan et al., 2010).

This paper comprehensively discusses the control architecture
of Chuan Suo (CS) DSRV from the hardware and software aspects.
The control of information flow by software, the thrust distribution,
and a submergence vehicle heeling control method based on ballast
water tank regulation are also introduced in detail. The hardware
part uses multi-directional thrusters with the regulation of water
tank and tail rudder joint control to improve the control accuracy
and increase the efficiency of thruster. The software part uses the
VxWorks embedded operating system and realizes the program-
ming algorithm with C language to increase the real-time control.
The control algorithm of S plane (S-plane control) is used to
improve the stability and practicality of control.

Fig. 1. “Thresher” nuclear submarine.

Fig. 2. “Kursk” nuclear submarine.

Fig. 3. LR7 of DSRV.
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2. DSRV platform

2.1. CS DSRV

The CS DSRV experimental platform is a 1:3 scaled model boat
that is approximately 4.4m long, 1.2m wide, and 1.3m high. Its
weight is 1.54 tons in air, and its maximum dive depth is 300m. The
key specifications of CS DSRV are shown in Table 1. A remote-
controlled submersible is used for submarine rescue, as shown in
Fig. 4. The vehicle is equipped with a camera, underwater lights, a
mechanical hand, ultra-short baseline (USBL), other sensors and
equipment, six thrusters (two main thrusters in the stern, two
longitudinal thrusters, and two vertical thrusters), and six water
tanks (four transverse tilting water tanks on both sides outside the
main pressure tank, and two longitudinal tilting water tanks on
both ends inside the main pressure tank). According to the work
requirements and thruster layout, the DSRV not only can complete
longitudinal, transverse, vertical, and yaw motions but also can
realize vertical and horizontal adjustments for rescue through
water transfer in the water tank. Buoyancy is provided by a control
cabin and six water tanks.

2.2. Main technical characteristics of CS DSRV

(1) Weight: 1540 kg (in air);
(2) Size: length�width� height¼ 4.42m� 1.23m� 1.25m;
(3) Depth rating: 300m;
(4) Control style: manual operation and auto control;
(5) Velocity: 2 kn in surge; 1 kn in sway; 1 kn in heave;
(6) Control range: motion control of six degrees of freedom;

depth of 0e300m; heading of 0�e360�; trimming and
heeling of ±40�.

3. Hardware architecture of the control system of DSRV

The control system of DSRV has the main functions of collecting
information through sensors, analyzing, judging, and dealing with
such information, and giving control commands through the
output interface to coordinate each subsystem to work as a whole
in the desired way.

The CS DSRV has a distributed control system composed of
surface and underwater nodes. A high-performance PC is used as a
surface control machine. Underwater equipment is based on a
PC104 embedded computer system. The hardware architecture of
the CS DSRV is shown in Fig. 5.

3.1. Surface equipment

The surface equipment of the CS DSRV control system consists of

the master controller, USBL processor, and underwater TV moni-
toring platform, which are placed in the ship or on the shore. The
master controller is responsible for mission planning, path plan-
ning, and basic motion control through optical fiber communica-
tion with the underlying IPC for data communication. The short
baseline receiver receives the data replied by the transceiver
receiving device in the network mode through the optical trans-
ceiver. After the relative position is calculated, information is sent
through the surface optical transmitter to the main control ma-
chine by use of the network. The underwater TVmonitoring station
is set in accordance with the rescue target adjustment and control
of underwater platform attitude angles. A video camera is used to
capture underwater images for real-time monitoring.

3.2. Underwater equipment

The motion control system of CS DSRV is used in the embedded
system based on PC104 BUS, which consists of a core module-
integrated Intel Pentium M processor, a serial board module, an
eight-channel DIO board, an A/D board, a D/A board, and a 5 V
power supply module.

PC104 is a mechanical electrical standard of embedded PC with
ultra-small-sized embedded PC modules, low power consumption,
wide temperature characteristics, single power supply of 5 V, and a
series of embedded application extensions, thereby providing great
convenience for the maintenance and upgrade of the system.

The CPU board core in the embedded system uses the PMI-10D-
X module developed by Sheng Bo Technology Company, clocked at
1 GHZ. This core onboard integrates EIDE, 10/100 Base-T Ethernet
interface, and graphic-processing module and supports PS/2
keyboard, PS/2 mouse, USB interface, two serial ports, a parallel
interface, CF interface, and Watchdog. The use of an integrated CF
card instead of external memory can greatly improve the reliability
and stability of the system. The SVGA display, PS/2 keyboardmouse,
and USB interfaces provide the conditions for the debugging of
software and hardware in the early stage.

A/D and D/A boards are adopted to use the ADT882-AT devel-
oped by Sheng Bo Technology Company. The ADT882-AT has 28
independent A/D channels, 4 independent D/A channels, and 4
other channels that are A/D and D/A channels, which can be set
specifically using a wire jumper. D/A and A/D boards are used
mainly for depthmeter data acquisition and sending analog voltage
signals to the propeller. The sampling speed is up to 200 KHz.

The serial board is based on an eight-channel serial board SEM/

Table 1
Key specifications of CS DSRV.

Weight 1540 kg

Length 4.4m
Width 1.2m
Height 1.3m
Maximum depth 300m
Maximum velocity 2 kn in surge, 1 kn in sway, 1 kn in heave
Propulsion 6 brushless DC motor thrusters

6 vertically and horizontally adjustable water tank
Sensors Doppler velocity log, optical fiber compass,

TCM5 magnetic compass, depth logger,
altimeter, video camera, USBL

Operating system VxWorks 5.5 (bottom layer)
Windows XP, Windows 7 (surface layer)

Fig. 4. Experimental platform of DSRV.
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MSP-8 with ISA PC104 BUS. The board has two 16C554 serial
asynchronous communication chip-integrated boards and a 64-
byte buffer. The maximum baud rate can reach up to 115.2 kBps
(460 kBps, optional) and allows eight serial ports to share an
interrupt and serial port address. The interrupt can be configured as
needed. The serial interface board is used mainly for collecting data
from the electric compass, angle sensor, batterymonitoring system,
and USBL.

The DIO board uses the IS-48 developed by Sheng BoTechnology

Company and can provide 24 optical digital inputs and 24 optical
digital outputs. The DIO board is used mainly for water leakage
detection signal acquisition, water control valve, and other control
valve. The input channel of the DIO board is used to collect the input
channel-level information (such as water leakage testing signal
acquisition and output channel using Darlington output mode) for
the drive switch (such as a variety of sensors) and water control
valve (such as the amount of switching control).

In terms of communication, ISA PC104 bus communication

Fig. 5. Hardware architecture of CS DSRV.
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occurs between the modules of the embedded system; serial
communication occurs through RS-232 protocol and serial
communication; the embedded system and underwater optical
transceiver, surface optical transmitter, and main control machine
with monitoring system are based on the network communication
of the TCP/IP protocol. Surface optical transmitter and underwater
optical transceiver using optical fiber communication are also
utilized.

Depth gauge is used to obtain the vertical information of the
sensor. The pressure values are converted into electrical signals for
measuring the vertical position of the submersible. The volume is
small, and the gauge is easy to use. ADT882-AT acquisition depth
meter voltage is used to determine the depth of current submers-
ible through calculation.

The tilt sensor uses PNI (PNI Corporation) and TCM5 (P3,
manual) compensated by a three-axis compass module. With a
three-axis angled sensor, the volume is unaffected by geography up
to 0.1� to the heading resolution and 0.01� to the dip resolution. The
RS232 serial port and PC104 serial plate (38400 bauds, 8 data bits, 1
stop bit, no parity) for real-time data transmission provide the
attitude angle information of the CS submersible.

The CS submersible is equipped with six TECNADYNE series
thrusters. The two main thrusters are arranged at the tail of the
submersible on both sides, front, and rear of the side thrusters, and
the vertical thrusters are arranged in the middle of the diving de-
vice. The main, side, and vertical thrusters use MODEL 1060,
MODEL 1020, and MODEL 520-type duct thrusters, respectively.
Themaximum thrusts of the forward rotation of those thrusters are
47.7, 21.4, and 10.4 kg force, and the maximum thrusts of the
reverse rotation are 29.5, 14.5, and 5.9 kg force. The output thrust
and voltage present a nonlinear relationship. The relationship
curve between the voltage and the output force at different speeds
is obtained by the open water test of the propeller. The output of
the fixed force at the specified speed needs the corresponding
voltage obtained by two Aitken non-equidistant interpolations.

To achieve the attitude adjustment of the submersible for rescue
purposes, the CS DSRV is equipped with six water tanks including
four transverse tilting water tanks arranged on both sides of the
main pressure cabin and two longitudinal tilting water tanks ar-
ranged in the main body of the pressure tank at both ends.

4. Software architecture of DSRV

4.1. Software architecture

The core of the CS DSRV motion control system is an embedded
computer system that uses the VxWorks operating system and that
includes motion control algorithm, data acquisition, realization of
the embedded motion, and communication function (Weicheng
et al. ). The embedded motion control system of the CS submers-
ible uses the combination of IPC and the top PC. IPC is placed in the
interior of the underwater robot to achieve communication and
data transmission between two sensors. The PC machine is placed
in the mother ship or on the shore and uses high-level language to
realize a control algorithm through the optical fiber communica-
tion and the underlying industrial control computer to achieve data
communication, as shown in Fig. 6.

An efficient manemachine operation program can be easily
developed on the surface of the main control machine using
Windows powerful Cþþ Visual 6 programming tools (Yushan et al.,
2012). The control software adopts a modular design and is divided
into control algorithm, data processing, thrust allocation, sensor
information, communication, display, and hydrodynamic models to
facilitate the debugging and modification of the program.

The water surface has the main functions of achieving motion

control and sending the corresponding control commands through
the underwater part of the control command to the actuator or
solenoid valve. The control system of the surface part first receives
the sensor data calculated by the underwater control system
through the network. The operators then determine whether the
data are in line with the desired objectives and control the joystick
to change the direction or the vehicle speed in accordance with
their own judgment. If the operator selects the automatic control
mode to control the CS vehicle, then only the target value needs to
be set, and the vehicle motion can be controlled through the
designed controller.

The entire process of the software system is illustrated in Fig. 7.
Diagram (1) is the motion control algorithm and mainly refers to
the use of a certain algorithm to obtain the expected submersible
thrust and thus realize the motion control of the underwater
vehicle. Diagram (2) is the thrust allocation module, which uses a
thrust allocation algorithm to calculate each degree of freedom of
the thrust, generates thruster instructions after analog-to-digital
conversion, and sends them to the thruster. Diagram (3) is the
water tank adjustment control module. Diagram (4) is the scuba
diving lifeboat hardware architecturewith the basic motion control
system as the important part. Diagram (5) is for the data-processing
module and can be divided into two parts, namely, data pre-
processing and data filtering and fusion. Data preprocessing in-
cludes removing outliers and the sensor data from the data
smoothing to sensor data filtering and data fusion. The ideal data
after processing are finally sent to the control algorithm module.

4.2. S-plane control

The mechanical system of underwater vehicles is nonlinear and
time-varying. The hydrodynamic coefficients are usually difficult to
obtain. The six DOF motions are mutually coupled. The coupling is
difficult to describe qualitatively and more difficult to quantify.
Even in many cases, a given task requires variable load on the ve-
hicles, such as laying pipelines, laying mines, diving rescue, etc. The
changing load and the changing marine environment make the
quality, centroid and buoyancy of the robot change. Underwater
vehicles navigating in the ocean will be affected by various dis-
turbing factors. In deep water, near the bottom of the sea, or near
obstructions, the hydrodynamic forces are different. Complex ma-
rine environments include wind, waves, and currents. Ocean cur-
rents are unknown or cannot be entered by humans, and it is very
difficult to measure ocean currents directly. Therefore, Underwater
vehicle is a strongly nonlinear system. The inputs and outputs of
the S-plane control are normalized. S-plane control is a nonlinear
PD control. It does not need to establish control object model.
Therefore, S-plane control is very suitable for control problem of
underwater vehicles that is nonlinear, and difficult to obtain the
accurate model.

S-plane control is used as the basic motion control method of
the CS DSRV in this paper. Research on control methods is exten-
sive, and each method has its advantages and disadvantages. The
mechanical system of underwater vehicles is nonlinear and time
varying, and the hydrodynamic coefficients are usually difficult to
obtain. The six DOFmotions aremutually coupled, and the coupling
is difficult to describe qualitatively and more difficult to quantify. A
given task usually requires variable load on the vehicles, such as
laying pipelines, laying mines, and diving rescue. The changes in
load andmarine environment also change the quality, centroid, and
buoyancy of the robot. Underwater vehicles navigating in the ocean
can be affected by various disruptive factors. In deepwater, near the
bottom of the sea, or near obstructions, the hydrodynamic forces
differ. Complex marine environments include wind, waves, and
currents. Ocean currents are unknown or cannot be inferred by
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humans and are very difficult to measure directly. Therefore,
considering that an underwater vehicle presents strong nonline-
arity, control methods use mainly neural network and fuzzy logic
control (Tiwari Kunal et al., 2016; Hassanein et al., 2012; Yushan
et al., 2016; Guoing and Chengcheng, 2015). Equipment and
personnel on the CS DSRV differ depending on the rescue re-
quirements, thereby bringing difficulty in developing the exact
mathematical model. In this study, a simple practical S-plane
control based on the ideas of fuzzy control is used as a new control
method. The method need not establish a control object model.

Therefore, S-plane control is very suitable for control problems of
nonlinear underwater vehicles and difficulty in obtaining accurate
model. To learn from the simple structure of PID, the algorithm is
expressed as follows (Xuemin and Yuru, 2001):

�
ui ¼ 2:0=ð1:0þ expð � ki1ei � ki2 _eiÞÞ � 1:0þ Dui
fi ¼ Kiui

; (1)

where ei and _ei are the i degree-of-freedom control input infor-
mation (deviation and deviation change rate, using normalized

Fig. 6. Software architecture of CS DSRV.

Fig. 7. Information flow of the motion control system of CS.
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processing). ui is the i degree-of-freedom control input information.
ki1 and ki2 correspond to the i degree-of-freedom deviation and the
deviation rate of change in control parameters, respectively. They
can cause changes in the speed of the corresponding degree of
freedom. fi is the size of the required force for this degree of
freedom. Ki is the maximum force (torque) that can be provided on
the degree of freedom. Dui is the size of the fixed interference force
by adjusting the offset of the S plane as follows:

a) Determine whether the movement speed of the DSRV is less
than a set threshold; if yes, then turn to b); otherwise, turn to
c);

b) Assign the deviation value of the degree of freedom to a set of
array and increase the set count value by adding 1. When the
count value reaches a predetermined value, turn to d);

c) Increase the value of the array. If 1 is subtracted from the
count value, then turn to a);

d) Get the weighted average of the above-mentioned array,
calculate the offset of the control output using the average
deviation, and adjust the output of the controller to eliminate
the fixed deviation while zeroing the count value and the
array and starting the next cycle.

The curved surface of control input and control output is shown
in Fig. 8. The linear curved surface is different from that of the
general PD control. The method reflects the nonlinearity of the
controller and exerts an improved fitting performance for the
motion control of the underwater vehicle with nonlinear charac-
teristics. Compared with the line surface of general fuzzy control,
the method exhibits smoother control output and requires lesser
experience and knowledge. Unlike a large number of membership
functions, the fuzzy control and S-plane control require adjustment
of a few parameters of fuzzy variables and are thus conducive to
time-pressing field debugging. Following (YushanLI Yueming et al.,
2013), Dr. Sun Yushan introduced an improved simulated annealing
algorithm to achieve the optimization and automatic adjustment of
the parameters of S surface controller and achieved good control
results.

4.3. Thrust allocation

The thrust system of the CS DSRV is composed of six propellers
and related accessories with two main catheter-type propellers,
namely, side and vertical thrusters. The arrangement of the pro-
pellers on a test vehicle is shown in Fig. 9, where l1, l2, l3, l4, l5, and l6
are the moments of the propeller to the center of the test vehicle.

The relationship between the required force on four degrees of
freedom and the force of six propellers is obtained as follows:

2
664
X
Y
Z
N

3
775 ¼

2
664
1
0
0
l1

1
0
0
�l2

0
1
0
l3

0
1
0
�l4

0
0
1
0

0
0
1
0

3
775

2
6666664

T1
T2
T3
T4
T5
T6

3
7777775

(2)

where X, Y, and Z are the forces on three degrees of freedom, N is
the torque, and T1, T2, T3, T4, T5, and T6 are the thrusts of each
thruster.

The above-mentioned formula shows that the propulsion sys-
tem is redundant. Thus, the following constraints are added. First,
the main thruster controls the longitudinal motion but not the
heading motion. Second, the vertical thruster controls the vertical
motion but not the rolling motion. As a result,

�
T1l1 � T2l2 ¼ 0
T5l5 � T6l6 ¼ 0 (3)

where the distance from the main propeller to the longitudinal
section in the center plane is equal, as well as the distance from two
vertical thrusters to the mid-ship section, that is,

�
l1 ¼ l2
l5 ¼ l6

(4)

Combining Formulas (2) and (4) yields

8>>>>>>>>><
>>>>>>>>>:

T1 ¼ T2 ¼ X=2

T5 ¼ T6 ¼ Z=2

T3 ¼ Yl4 þ N
l3 þ l4

T4 ¼ Yl3 � N
l3 þ l4

(5)

Suppose that the thruster can provide maximum thrust Tmax

and when the calculated value is greater than Tmax, then

jT1j ¼ jT2j ¼ Tmax; jT5j ¼ jT6j ¼ Tmax (6)

Two situations exist for T3 and T4. First, both the thrust values
calculated by the thruster are greater than Tmax, that is,

jT3j ¼ jT4j ¼ Tmax (7)

Second, the calculated thrust value is greater than Tmax,
assuming that T3 >Tmax> T4. Side thrusters control the lateral and
heading motions. According to the hydrodynamic characteristics,
the structure characteristics, and the operating requirements of
DSRV, the principle of “heading priority” is adopted to allocate the
thrust and thus satisfy the torque of yawing preferentially.
Consequently,
8><
>:

jT3j ¼ Tmax

jT4j ¼
����Tmaxl3 � N

l4

����
(8)

If at this time jT4j> Tmax, then jT4j ¼ Tmax is considered.

4.4. Water tank control algorithm

Two methods can be utilized to adjust the heel of the DSRV
(Guowei et al., 2007). One is the weight adjustment method, suchFig. 8. Control surface of S-plane control.
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as heavy load, battery moving, ballast water transfer, and mercury
transfer. Among them, the mercury transfer method, such as
“SHINKAI 6500” (Weicheng et al. ) in Japan, “ALVIN” (Hidehiko
et al., 2012) in the United States, and “Haiji-1” in China, is the
most commonly used. However, mercury is highly toxic and diffi-
cult to seal. Mercury can also pollute the sea after abandonment of
the emergency. Thus, this method has been opposed by environ-
mental groups.

The other is the use of a propeller to adjust the trim and heel, as
elucidated in (Rui and Jingqi, 2012). The propeller is utilized to
realize the large inclination location of the lifeboat. Nevertheless,
this method not only barely achieves the angle and precision of the
docking requirements but also increases the complexity of the
distribution of thrust and leads to high energy consumption. The
current test vehicle uses the ballast water tank combined with a
valve (electromagnetic valve) to control the trim and heel.

Ballast tanks are arranged as shown in Fig. 10. Four heeling
adjustment tanks are arranged on both sides of the outside of the
main pressure cabin, and two trim adjustment water tanks are
arranged on both sides of the inside of the main pressure cabin. The
valve system is arranged in the main pressure cabin. The control of
the opening and closing of the solenoid valve can be realized by the
transfer of ballast water.

Whenmanually opening and closing the solenoid valve to adjust
the trim and heel of the series of tests, the changes in carrier
inclination and time basically present a linear relationship. In this

study, the PID control algorithm by integral separation is used to
calculate the time of opening and closing of the solenoid valve to
realize the automatic control of the trim and heel as follows:

tðkÞ ¼ KPeðkÞ þ KI

Xk
i¼o

eðiÞ þ KD _eðkÞ (9)

where t(k) expresses the k times of opening or closing the output
valve of the controller; e(k) and _eðkÞ express the k times input of the
deviation and deviation change rate of the trim or heel, respec-
tively; KP, KI, and KD are the proportion, integral, and differential
coefficients, respectively. The adjustment method of coefficient is
similar to S-plane control. When e(k) is greater than the set
threshold value, the integral term is cancelled. The integral term is
introduced when the threshold e(k) is returned.

5. Experimental results

Software simulations, semi-physical simulation, and pool trial
are conducted to verify the feasibility and reliability of the CS DSRV

Fig. 9. Thruster plan of CS underwater vehicle.

Fig. 10. Water chamber plan of CS underwater vehicle. Fig. 11. Deep pool of 50m� 30m� 10m.
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system. The water tank trial is conducted in a deep pool that
measures 50m� 30m� 10m at the National Key Laboratory of
Science and Technology on Underwater Vehicle, Harbin Engineer-
ing University. The deep pool is shown in Fig. 11. The pool is
equipped with an XeY navigation vehicle with a turntable, a multi-
directionwavemaker, and an underwater local flow-making device
in simulating the underwater flow field. The CS DSRV is placed in
the pool as shown in Fig. 12. The basic motion control tests,
including depth control, heading control, position control, and
horizontal tilting control tests are done separately. Moreover, a tank
test of the underwater docking is also carried out. All these ex-
periments are conducted under current environment to simulate
the real marine environment. The current speed is 1 knot, and the
current direction is longitudinal of the pool. Satisfactory results are
obtained.

The automatic control results of the depth, heading and position

of the CS is shown in Fig. 13. The horizontal coordinate represents
the steps of the system, in which 1 step amount to 0.5 s. The
ordinate represents the depth, forward and coordinate position
respectively.

The results of the automatic control of the CS submersible depth
test are shown in Fig. 13(a). The thrust of vertical thrusters is
changed through adjusting dynamic voltage. The red dotted line
indicates the command of target depth, and the black solid line is
the actual curve of depth control. The command is from 4m to 5m,
to 6m, and ultimately to 5m to verify the control performance of
submarine surfacing. When the target depth is 4m, the CS reaches
the target depth after 50 s, and it can be stabilized at the target
depth. The average error of the depth control is 0.11m. When the
target depth is increased to 5m, the CS sinks to the target depth
after 25 s. The average error is 0.19m. The target depth is changed
to 6m in the 17035th step. The CS sinks to 6m after 34.5 s. The
target depth is changed to 5m in the 17336th step. The CS rises to
5m after 28 s, and the average error is 0.15m.

Fig. 13(b) illustrates the heading control result, in which the
heading angle of target value is from �160� to �100�. The black
solid line is the actual curve of heading control. The heading angle
is �120�at first. When the command of target heading angle is is-
sued, the CS is rotated to�160� by adjusting the thrust of the lateral
thruster. The CS reaches the target heading angle which changes
to �100� after 56s, and it can be stabilized at the target heading.
The average error of the heading control is 0.68�.

Fig. 13(c) and (d) present the results of the automatic control of
the longitudinal and lateral positions of the CS submersible. In the
earth coordinate system, the command of target position is (2, �3).
The red dashed line indicates the horizontal and longitudinal co-
ordinates of the target position, and the black solid line is the result
of actual position. It can be seen that the horizontal and longitu-
dinal target positions of CS are controlled well through adjusting
the thrust of longitudinal and lateral thrusters. The CS reaches the
target position after 55s, and it can be stabilized at the target

Fig. 12. Pool trial of CS DSRV.

Fig. 13. Experimental results of the position control.
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position for a long time. The average error of the position control is
0.14m.

The experimental results indicate a good heading control per-
formance. The CS can reach the command of target in aminute. And
it can be stabilized at the target command. The average error of
control is around 0.1. The depth, vertical, and horizontal controls
exhibit a satisfactory performance and can meet the requirements
of deep submergence rescue mission control, such as suspending
on the fixed point, docking accurately, and diving quickly.

The experimental results of the attitude control of the CS sub-
mersible are shown in Fig. 14. Fig. 14(a) indicates the pitch auto-
matic control curve. The degree of pitch angle is from 10� to�10� at
the 2637th step. The pitch of the CS submersible can be fully
tracked to control the command through adjusting water tank after
138 s. And the average error is 0.56�. Fig. 14(b) illustrates the
automatic control of the roll, in which the roll angle of target value
is 5�. The experimental results show that the CS submersible can
fully track the roll angle to control the target. The CS reaches the
target after 123 s. The average error is 0.09�.

Based on the above test results, the automatic control perfor-
mance of position, orientation and attitude of submarine is good.
After docking and sea test, the CS submarine can be applied to
rescue missions.

6. Conclusion

1) The hardware and software architectures of the motion control
system of CS DSRV are developed. The hardware part adopts the
distributed control system, which consists of surface and un-
derwater nodes. A high-performance PC is used as a surface
control machine. Underwater equipment is based on a multi-
board-embedded industrial computer with PC104 BUS. The
software part has an IPC of embedded Vxworks real-time
operating system, upon which the operation of switching and
data reading and writing is based on; this setup improves the
real-time manipulation.

2) The plan of thrust distribution and automatic control method of
submersible horizontal based on ballast water tank is designed,
which significantly affects the performance.

3) Simulation and experimental results demonstrate that the
control system of the CS DSRV is safe and reliable and can fulfill
motion control mission for underwater rescue.
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