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Development of an Ocean-Going Solar-Powered Underwater Glider

Masakazu Arima, Hirofumi Tonai, Kana Yoshida
Department of Marine System Engineering, Osaka Prefecture University.
Sakai, Osaka, Japan

ABSTRACT

The purpose of this research is to develop an ocean-going solar-
powered underwater glider, named Tonai60, for along-term and wide-
range monitoring of ocean environment and ecosystem. The maximum
operation depth is 60 metre in the twilight ocean zone. The Tonai60
glider is equipped with a multi-parameter data logging profiler for
monitoring ocean environment, a network camera for cora reef
monitoring, and an acoustic data logger for monitoring marine
mammals. This paper deals with the design of the Tonai60 glider and
gliding performance obtained from tank test and seatrials.

KEY WORDS:. Ocean-going solar-powered underwater glider;
Tonai60; piston-type buoyancy control unit; ocean-environment
monitoring; RINKO-Profiler; underwater acoustic datalogger.

INTRODUCTION

Ocean covers over 70% of the Earth’s surface, and it is estimated to
have about 97% of water volume on the Earth. From a period of great
antiquity, humans have lived on various kinds of blessing from diverse
organisms and ecosystems of the ocean. It is essential to promote the
conservation and sustainable use of marine biodiversity, for the
survival of human beings with such blessings from the ocean. It is also
important to recognise marine biodiversity and realise awide-range and
long-term monitoring of sound ocean ecosystems. Japanese Ministry of
the Environment has formulated the ‘Marine Biodiversity Conservation
Srategy’ in March 2011 (Japanese Ministry of the Environment, 2011).
Characteristics of marine ecosystems were given in this Conservation
Strategy asfollows:

Important in consideration on the marine environment and the
ecosystems there is the existence of an extensive water body. In the
ocean, there are layers with different water flow at different depths,
and organisms and ecosystems distribute three-dimensionally. Plants
with photosynthesis as primary producers occur in photic zones down
to about 200m from the water surface, and on sea bottoms of the
shallow coastal water. There occur completely different ecosystems in
the deep sea.

It is widely-known that the effects of the climate change become a
serious problem of the ocean ecosystems:

Coral reefs are suggested to be vulnerable to the climate change, and
their large-scale bleaching by the increased seawater temperature has
been observed frequently in recent years around the world.
Furthermore, increasing ambient concentrations of carbon dioxide will
lead to more carbon dioxide dissolved into seawater and subsequent
aggravation of its acidification. Acidification of seawater will then
suppress calcification to produce calcium carbonate for the skeleton of
corals and the shell of plankton. Some species may not be able to form
its skeleton or shell, and balance of the ecosystem may be lost due to
changes in the species composition.

And the Strategy aso stated about improvement of scientific
information and knowledge:

To implement the measures necessary for marine biodiversity such as
conservation, to check the effects of those measures and to react
adaptively, changes in marine ecosystems must be observed, and
monitoring must be encouraged. Through survey programs such as
Monitoring Stes 1000, data on the natural environment such as data
on biota of shallow water ecosystems (seaweed beds, tidal flats, coral
reefs, etc.) will be improved continuously. At the same time, data on sea
turtles, sea birds, marine mammals and so on will be collected and
organized. In addition, the marine environment will be continually
monitored to evaluate the state of marine pollution.

Furthermore, if information that has not been collected continuously
turns out to be important in detecting changes in marine biodiversity, a
method to monitor such information will be examined, and efforts will
be made to accumulate it.

Recently underwater robotic vehicles such as ROV (remotely operated
vehicle) and AUV (autonomous underwater vehicle) have been
involved in scientific researches in the ocean, and they achieved
magnificent results (Maki, 2013). Underwater glider is one of the most
useful AUV, for reasons of greater efficiency in energy use, low-cost
manufacturing and maintenance of the vehicle (Rudnick, 2004).
Typical underwater glider has no propulsive machinery such as thrustor,
but it has an ability to realise wide-range and long-term operations by
using a buoyancy-control device and a centre-of-gravity control device.



The authors have developed several kinds of underwater gliders. The
ocean-going underwater glider with independently controllable main
wings, named SOARER, was designed for the use of ocean
environmental monitoring to the middle depths (Arima, 2011). The
feasibility of the solar energy use under water was investigated in detail
(Arima, 2012a) and then the ocean-going solar-powered underwater
glider was designed (Tonai, 2013). This paper deals with development
of an ocean-going solar-powered underwater glider for a long-term and
wide-range monitoring of ocean environment and ecosystem.

THE TONAI60 GLIDER

The ocean-going solar-powered underwater glider was hamed Tonai60
as an abbreviation of “Twilight Ocean-zonal Natural-resources and
Animals Investigator.” The maximum operational depth is 60 metre in
the twilight ocean zone and the purpose of this vehicle is a wide-range
and long-term monitoring of marine mammals by underwater acoustic
observation and reef corals by image analysis. External view and
specifications of the Tonai60 glider are shown in Fig. 1 and Table 1,
respectively.

Fig. 1 Ocean-going solar-powered underwater glider, Tonai60.

Table 1. Specifications of the Tonai60 glider.

Length 1.650 m

Breadth (wing span) 1.030 m

Height (including rudder) 0.528 m
Diameter of fuselage 0.200 m

Mass abt. 92.0 kg
Volume excluding ballast tank abt. 92.5 ¢
Volume of ballast tank 1.0¢

Mass of jettison weight 3.0kg

Time to pour/discharge sea water abt. 2.5 min. at sea surface
Cruising speed abt. 0.2 ~0.5m/s
Maximum operational depth 60 m

Specifications of on-board devices and sensors for navigation are
shown in Table 2.

Table 2. Specifications of equipped devices and sensors.

Hybrid solar cell
VISORA M-HS210 x 2
(Kaneka Corp.)

Max. output: 21.0 W
Size: 240 x 998 x 6 mm®
Weight: 3.1 kg / module

Voltage: 12 V
Current: 18 A/Hr PbEq
Size: 148 x 66 x 105 mm®

LifePO4 Battery
LFX18L1-BS12 x 2

(Shorai Inc.) Weight: 1.038 kg / module
16 channels
GngnjngIe Size: 21 x 21 x 10 mm®
Weight: 10 ¢

(Furuno Electric Co., Ltd.) Horizontal accuracy: 15 m

Depth sensor
EP101A-C11-C20A*B
('Yokogawa Electric Corp.)

Range: 0 ~ 1 MPa abs
Output: 1 ~5V DC

Navigation system
0OS5000US
(Ocean Server Technology Inc.)

Magnetic compass
Accelerometers for detecting
roll and pitch angle

CPU: IntelAtom 2510/ Z530

Size: 100 x 72 mm?

0OS: Microsoft Windows 7
Professional

PC for autonomous control
P1C0O820
(Axiomtec Co., Ltd.)

CPU: 32bit H8SX (CISC)

Memory: 512 KB ROM
40 KB RAM

10 bit ADC x 2ch

10 bit DCA x 2ch

Micro-computer for a depth sensor
and a buoyancy control unit
H8SX/1655
(Renesas Electronics Corp.)

A couple of oil-filled-pressure-compensated hybrid-type solar panels
were arranged on the top of the glider. The MPPT (Maximum Power
Point Tracking) control was introduced to maintain the optimal
utilisation of photovoltaic generation. And a balance charge circuit and
a load controller were also applied for realising optimal charge and
discharge of the rechargeable battery (Tonai, 2013). A piston-type
buoyancy control device was introduced for controlling its attitude and
the gliding performance. The cylindrical buoyancy control device has a
length of 797 mm and a radius of 105 mm. A piston was controlled by
a DC motor (RE35, Maxon Motor AG) with gear-head (GP32HP,
Maxon) using ball screw mechanism. Water volume in the ballast tank
is controlled as the position of the piston by a servo controller (ESCON
50/5, Maxon). Maximum useable depth of the Tonai60 glider is 70 m,
and this is limited by the maximum torque, 8 Nm of this DC motor so
as to exhaust sea water from the ballast tank against water pressure at a
depth of 70 m. And a lead-made 1.75 kg movable weight was also used
for controlling the glider’s attitude. Weight was controlled by a DC
motor (RE-max21, Maxon) with gear-head (GP22C, Maxon) using ball
screw mechanism. Maximum torque of the motor is 2 Nm. The position
of the weight is controlled by a digital position control unit (EPOS2
24/2, Maxon). Practical stroke of the movable weight is 470 mm, and
pitching angle of the glider can be changed between about +20 degrees
from horizontal condition. The vehicle can realise optimal gliding by
repeating diving and surfacing. Right-and-left tailplanes can be
controlled independently and it functions as aileron. Aileron and rudder
can be controlled by PC through microcomputer using three
servomotors (KRS-4034HVICS, Kondo Kagaku Co., Ltd.).




CONTROLLER OF THE TONAI60 GLIDER

Systems configuration and wiring diagram of the Tonai60 glider are
shown in Figs. 2 and 3, respectively. Network camera and 3-axis digital
compass are connected with an on-board PC through LAN and USB
cables, respectively. Depth sensor is connected with micro-computer
through USB cable. The PC and the microcomputer are connected with
each other through RS-232C cable. Buoyancy control unit is controlled
by the micro-computer using signal from the depth sensor. On the other
hand, balance weight unit is controlled by the PC using signal from 3-
axis digital compass. Pan and tilt angle of the network camera is also
controlled by PC using signals of the fuselage’s attitude for recording
target objects continuously. Network camera, balance weight unit,
buoyancy control unit, aileron and rudder are controlled by PID
feedback control.

Network Camera

| Digital Compass |

T 1
[ - P i
! Buoyancy Lontrol Unit !

.
Balance Weight Unit |

Fig. 2 Systems configuration of Tonai60’s controller.
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Fig. 3 Wiring diagram of Tonai60’s controller.

Application software for controlling the Tonai60 glider was established
by C++ language. Language is Japanese for the practical use in Japan.
Control panel of the application is shown in Fig. 4. This application
runs on the on-board PC, and motion mode such as initialisation,
calibration or operation can be selected without writing in and resetting
the micro-computer. Remote desktop operation is available through
wireless LAN when the vehicle is at surface, and this helps to conduct
initialisation of the vehicle and/or calibration of buoyancy adjustment.

Fig. 4 Application software ‘Tonai60 APP’ for controlling Tonai60.

ENVIRONMENT AND ECOLOGY MONITORING SYSTEM

The Tonai60 glider is equipped with an environmental multi-parameter
data logger profiler ‘RINKO-Profiler’ (JFE Advantech Co., Ltd.), a
network camera ‘VB-M40’ (Canon Inc.) for monitoring coral reefs, and
an acoustic data logger ‘A-tag’ (Marine Micro Technology Corp.) for
monitoring marine mammals. There is no requirement for such a solar-
powered underwater glider to dive into deep sea. Adequate sunshine
may reach to a hundred metre or thereabouts in the middle of
transparent ocean. On the contrary, sunshine may reach only several
metres at the enclosed marginal sea. There are various kinds of
invaluable marine organisms in the sunlight boundary layer, so-called
twilight ocean zone.

Network Camera VB-M40 for Image Analysis

Coral reefs are very sensitive to environmental changes, and then they
can be one of environmental indices such as global warming. The
protection of coral reef is also an issue of great urgency. Covered area
and species of coral reefs are usually investigated by scuba divers, but
there are difficulties in diving time and depth. Then the authors plan to
operate the Tonai60 glider for coral monitoring. The solar-powered
underwater glider has the ability to be recharged at sea surface in the
daytime, and reef corals can be analysed from fluorescent image with
ultraviolet light at night. Fig. 5 shows an example of image analysis of
reef corals. The experiment was conducted using network camera and
OS5000US sensor at Coral Tank of Enoshima Aquarium, Japan.

Fig. 5 Reef corals excited by ultraviolet light and its binarised image.



Underwater Acoustic Data Logger, A-tag

The underwater acoustic observation system has an ability to detect
marine mammals such as killer whale (Orcinus orca) and to estimate
the number of individuals. Killer whale is situated in the highest
position of a food chain in the ocean. Killer whales do not act
independently and they usually behave with their family, called ‘pod’.
The soundness of the ocean area can be thus evaluated from the number
of killer whales over the relevant sea area (Arima, 2012b). Fig. 6 shows
an external view of A-tag, which has a couple of hydrophones for
estimating the direction of killer whales’ vocalisation source. A-tag is
usually attached on the base under the solar-panel unit. An example of
killer whales’ behaviour obtained by A-tag in Southern Alaska is
shown in Fig. 7. A-tag was towed singly by a small fishing vessel for
validation of this acoustic data logger. The time histories of the sound
pressure (red lines), time difference (direction of sound source) (black
dots) and pulse interval (blue dots) indicate that at least two Kkiller
whales have passed around A-tag (red ellipse).

Fig. 6 Acoustic data logger, A-tag.

Fig. 7 An example of killer whales’ behaviour obtained by A-tag.
Environmental Data Logger, RINKO-Profiler

The Tonai60 glider is equipped with an ocean-environment monitoring
data logger, RINKO-Profiler of JFE Advantech Co., Ltd. Exterior view
of original RINKO-Profiler and its specifications are shown in Fig. 8
and Table 3, respectively.

Fig. 8 RINKO-Profiler (JFE Advantech Co., Ltd., 2013).

Table 3. Measuring items of RINKO-Profiler (JFE Advantech, 2013).

Items Sensor type Range Resolution | Accuracy
Depth Semiconductor | oy ooom | 0.01m | +0.3%FS
pressure sensor
. o o +0.01°C
Temperature | Thermistor -3~45°C | 0.001°C (010 35 °C)
+0.01mS/cm
Conductivity | Electrode 2~70mS/cm|0.001mS/cm| (2 to 65
mS/cm)
- +0.01
Salinity PSS-78 2~42 0.001 (2 t0 40)
DO Phosphorescent| 0~20mg/ € | 0.001mg/ £ | *2%FS
+1%FS
Chlorophyll | Fluorimeter 0~400ppb | 0.01ppb | Zero drift
+0.1ppb
+0.3FTU or
Turbidity Backscattering | 0~1,000FTU| 0.03FTU | measured
value 2%

*Time constant: DO 0.4 seconds, others 0.2 seconds

The RINKO-Profiler’s measuring items are depth, temperature,
conductivity, salinity, dissolved oxygen (DO), chlorophyll-a and
turbidity. The RINKO-type DO sensor is epoch-making device for
realising short time measuring. Measurement of dissolved oxygen (DO)
using conventional DO sensor takes several seconds usually. However,
newly developed RINKO-Profiler has a short time constant of 0.4
seconds, and this enables to achieve successive measurement by
underwater vehicles. RINKO-Profiler was installed into the rear cap of
Tonai60’s pressure hull without the titanium case and sensor guard.
About 10 hours monitoring data can be stored into a built-in memory
card. Battery charging and data transmission can be done by connecting
cables with each pressure-resistant connector on the rear cap.

TANK TEST AND SEA TRIAL OF THE TONAIG60 GLIDER

Tank test was conducted at the Ocean Engineering Tank of Research
Institute for Applied Mechanics, Kyushu University. The purpose of
this tank test was to verify the initial design of the Tonai60 glider. The
position of the centre of gravity, centre of buoyancy and buoyancy
were checked under water, and the optimal position was fixed. Then,
gliding test was tried by shifting the centre of gravity systematically.
Gliding angle of diving was about 20~30 deg. as was expected.



Field test was conducted at Kagoshima Bay, South Kyushu, Japan on
10 December, 2013. Fig. 9 shows the Tonai60 glider hanged from the
mother vessel, Nansei-maru of Kagoshima University. There appear
often bottlenose dolphins in Kagoshima Bay, but no marine mammals’
vocalisation data was recorded by A-tag in this field experiment.

Fig. 9 Sea trial of the Tonai60 glider at Kagoshima Bay.

Accurate location of the mother vessel, Nansei-maru, was obtained by a
portable GPS device. The depth of experimental field was about 200 m.
Tonai60 was tethered to a winch system of the mother vessel through a
pulley. Additional weight of 3.0 kg was fastened around the centre of
gravity so that the weight in water was adjusted to be 1.0 kg and the
Tonai60’s attitude became to be the same condition as the tank test. By
setting negative buoyancy of the vehicle and nose-down attitude,
Tonai60 started gliding. Tethered cable was veered out to the
maximum length of 20 m and then the vehicle was refloated to the sea
surface. Time histories of ocean environmental data obtained by the
RINKO-Profiler are shown in Fig. 10. Upper-side yellow-band zones
mean diving period of the Tonai60 glider.

Fig. 10 Time histories of ocean data obtained by RINKO-Profiler.

Findings from this time histories including two dives are as follows;
Maximum depth of two dives were 11.2 m and 15.2 m, respectively.
Water temperature was about 19.4 centigrade. Salinity was about 33.5
psu. Dissolved oxygen dropped slightly as the depth increased.
Conductivity was around 45.4 [mS/cm]. The gliding angle was
estimated to be about 34~49 deg. from the relationship between
maximum gliding depth and cable length under water. It was windy,
and Nansei-maru might have drifted slightly.

CONCLUSIONS

In this research, an ocean-going solar-powered underwater glider,
Tonai60, was developed and the systems were verified by tank test and
field experiment. It was demonstrated that Tonai60 had an ability to
realise gliding under water and the controller worked well as was
expected. Autonomous control program based on PID control is now
under construction. For future works, autonomous cruising procedures
at sea will be completed by repeating field experiments. Actual
endurance should be also investigated through field tests, because
performance of photovoltaic power generation may be deteriorated due
to biofouling.
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"Workshop on the Circulation and Mixing in the East China Sea"
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10:00-10:40 Influence of mesoscale eddies on spatial and temporal variability of spring
phytoplankton bloom in the Japan Sea
Eligio Maure, AR .
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11:20-12:00 Temporal and spatial variation of satellite primary production in the eastern
China seas
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B
13:30-14:10 HHERE DR 7 v v 7 4 VM RJE LIS 2 SRR OBIRE & FEEH O 1
FHTE M4
BT, A, KEEE

14:10-14:50 EZFOHEHE I 5 155 B O ReRi D NP Lk D28
Bpigy  FE. RIEES. (LERE/ . MR A

14:50-15:30 B Ve E o EIEA BN B S 7o a8 B X ONELIRFRE ol JE 25 Eh

R TR

15:30-16:10 2015 “FEDHL > F g A F L [74 |
R

16:10-17:00 #Hih








