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Abstract — This paper describes an integrated control
system architecture with a high accuracy navigation
system for an underwater glider. To optimize the glider
performances, a centralized control system called
"Glider Integrated Control System (GICS)" is
provided: part of this system oversees the navigation
function, based on an INS reference. Unlike an UAV
system, in our case, some important inertial navigation
error terms cannot be neglected due to the peculiar
mission.
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I.  INTRODUCTION

A
Fig. 1. SQUID TUG (Tailless Underwater Glider).

An underwater glider is an autonomous drone (AUV)
that moves up and down in the sea like by changing its
buoyancy: it uses its hydrodynamic wings to convert the
vertical motion to horizontal, moving forward with
negligible power consumption [1-3]. Fig. 1 shows the
example of our AUV called SQUID.

While not as fast as conventional AUVs, gliders using
buoyancy-based propulsion increase the range and the
duration (autonomy) compared to motor-driven vehicles,

may extend the mission from hours (or weeks) to months,
and to several thousands of kilometres of range. An
underwater glider follows an up-and-down, sawtooth-like
profile through the sea, providing data on temporal and
spatial scales unavailable to previous AUVs [4-7].

Il.  MISSION PROFILE

An underwater glider is unable to proceed straight and
level, because is motion is due to the difference between
the forces of weight and buoyancy, thus converted by the
wings in a smooth dive/climb trajectory [8].
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Fig. 2. Sawtooth glide path

Furthermore, unlike gliders in air, AUVs can have
ascending glide slopes if the net buoyancy is positive,
producing a negative sink rate.

The glider has a buoyancy engine that allows it to
alternately change its net buoyancy between positive and
negative states, thereby imparting it with the ability to
string together a succession of descending and ascending
glide slopes referred to as a sawtooth glide path (see Fig.
2) [9-12].

I1l.  FUNCTIONAL MODES

The peculiar mission of the AUV allows us to consider
it as a simple "Finite-state machine" (FSM). The
fundamental normal states of the machine are essentially
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two: the "diving mode" and the "rising mode". During
these functional modes the glider describes the sawtooth
glide path [13, 14].

The "floating mode" is used only to connect the glider
with the support ship and/or used to download payload
data through the Iridium communications system. The
"emergency mode" is used to manage all possible
problems such as dynamic instability, catastrophic failure,
loss of two or more batteries, loss of the payload, etc. The
only action that will be taken is to bring up the glider and
prepare it to be rescued by the support ship [15-18] (see
Fig. 3).

Fig. 3. Functional Modes.

A. Floating Mode

The drone is afloat: firstly, it acquires position
coordinates from the GPS system and sends it through the
Iridium system. Then wait for any support boat and turn on
Wi-Fi for any download of new commands or software
update.

B. Diving Mode

The drone is diving: it proceeds at constant speed until it
reaches the programmed maximum depth.

C. Rising Mode

The drone is rising: it proceeds at constant speed until it
reaches the programmed minimum depth.

D. Emergency Mode

This Mode is a sort of “panic button” of the system: if
an unrecoverable attitude is detected, the system
automatically goes to this emergency mode: the buoyancy
is set to the maximum and the trim is placed in the
maximum lift in order to reach the surface as soon as
possible.

E. Transition Conditions
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A - The drone receives the command to submerge and
to reach the programmed maximum depth.

B - The drone has reached the programmed maximum
depth.

C - The drone has reached the programmed minimum
depth.

D - An unrecoverable attitude is detected by Attitude
System Control.

E - An unrecoverable attitude is detected by Attitude
System Control.

F - The drone has ended the mission and receives the
command to emerge to wait for new communications.

G - The buoyancy is set to the maximum and the
attitude is trimmed on the maximum ascend ratio.

The functional modes status and the transition modes are
managed by the Glider Integrated Control System.

IV.  GLIDER INTEGRATED CONTROL SYSTEM
(GICS)

The Glider Integrated Control System performs the
Attitude and Navigation Control and the Data Handling &
Control, including Payload and Communications
management functions [19-23].

The GICS architecture (see Fig. 4) is built around a
central processing unit, the Glider Central Unit (GCU),
and includes several remote terminal units that interface
the payload and Glider equipment [24]. The functions
performed by GICS are the following:

+ Attitude determination and control.
» Buoyancy and other propulsion components control.
» Telemetry data acquisition, formatting and encoding.

e Command detection, decoding, distribution and
actuation.

+ Battery management.
» Payload Management.

Fig. 4. GICS general arrangement.
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Except for the communications, all other functions are
performed when the drone is in autonomous operation [25-
29].

V. NAVIGATION SYSTEM

The navigation system is composed by a Strapdown INS
(Inertial Navigation System) system corrected by the
GNSS (Global Navigation Satellite System receiver using
the GPS, GLONASS, Galileo or BeiDou systems) data
every time the vehicle enters in the “floating mode” [30].

All inertial navigation systems suffer from integration
drift: small errors in the measurement of acceleration and
angular velocity are integrated into progressively larger
errors in velocity, which are compounded into still greater
errors in position [31].

Since the new position is calculated from the previous
calculated position and the measured acceleration and
angular velocity, these errors accumulate roughly
proportionally to the time since the initial position was
input. Therefore, the position must be periodically
corrected by input from GNSS (GPS and other) satellite
navigation systems [32] when the AUV is in the floating
mode.

The benefits of this technology are lower cost, reduced
size and greater reliability compared with equivalent
platform systems [33][34][35]. As a result, small,
lightweight and accurate inertial navigation systems may
now be fitted to small AUV [36].

The general arranging of an INS is quite simple (see Fig.
5): the output of a 3-axis accelerometer is rotated (axis
transform) with the attitude angles supplied by 3
gyrometers: after a double integration we have the position
offset with respect to the initial point.

The major penalties incurred are a substantial increase in
computing complexity and the need to use high dynamic
range sensors capable of measuring much higher rates of
turn [37].
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Fig. 5. Strapdown INS unit block diagram.

A. INS Errors Assessment

The essential General Error Equations block diagram
representation of the error model is given in Fig. 6. The
diagram shows the Schuler’s loop and other cross-

coupling terms which give rise to longer-term oscillations
(see Fig. 6) [38].

An inertial navigation system over long periods has 3
type of errors which propagate of time and are
characterized by three distinct frequencies:

Schuler’s oscillation

The Schuler’s oscillation has a period of:

W, = ’Ri T ~ 84.4 min
0

and is present in both horizontal channels [39].

Focault’s oscillation

The Foucault’s oscillation has a period of:
T 2

~ 3
QsinL
and can be considered a modulation of the Schuler’s
oscillation [40,41].
24 h Oscillation
The 24 h Oscillation has a period of:
w, = 15°/h T=24h

and it is obviously equal to the period of rotation of the
Earth [42].
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Fig. 6. INS Errors Assessmen.t

Generally, the full error model in the previous section is
required to assess the performance of inertial navigation
systems operating for long periods of time: for our glider
applications, flight times are typically of the order of 2-3
days rather than weeks [43, 44].

Unlike an UAV system, in our case, the inertial
navigation error terms cannot be neglected: an aerial drone
has a rather limited mission time and therefore all long-
term oscillation periods can be absolutely deleted in the
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calculation of the position. In our case, however, they
cannot be neglected but not only: they also have a
considerable weight, as they would critically contribute to
the overall error.

All of these fixes help minimize the INS platform error:
however, at every denomination, the error is cancelled due
to the connection to the GNSS system, as seen in Fig. 7.
The GNSS measurements are used to update the Kalman’s
filter estimates the INS position, velocity and attitude
errors [45]. These errors are then subtracted from the
indicated position, velocity and attitude provided from the
INS forming an optimal estimate of the true position [46].
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Fig. 7. INS Error drift in time: corrected and
uncorrected.

VI. PAYLOAD MANAGEMENT

The GCIS delivers the properly conditioned power for
all the necessary services. It also collects all the scientific
data produced by the payload itself [47-50]. The system
also frequently monitors the payload "health": if a serious
failure occurs, emergency mode is immediately
commanded and therefore the emersion of the vehicle as it
misses the primary purpose of the mission [51-53].

VII.  CONCLUSIONS

A centralized control system called "Glider Integrated
Control System (GICS)" was invented for the glider
management. GICS monitors the buoyancy and attitude
control (subject of another paper), handles the payload by
taking care of the entire data package that it provides and
of all communications with the "outside world".

The most important part is the navigation control, based
on an INS system that controls the glider trajectory and
ensures that the various dive/rise cycles of the mission are
carried out correctly.

REFERENCES

[1] S.H. Dodington ‘Navigation: An Overview”
Proceedings Of the IEEE, Vol.71, n.10, Oct. 1983.

130

[2] M. Brenner, “Integrated GPS/Inertial Fault Detection
Availability” Proceedings of the Institute of
Navigation's ION GPS-95.

[3] Wang, Yongchao “FDE and Positioning Performance
in a Multi-Fault Scenario Using GPS and GALILEO”
ION GNSS 18th International Technical Meeting of
the Satellite Division, 13-16 September 1005.

[4] A. Giremus A.C. Escher “A GLR Algorithm to Detect
and Exclude up to Two Simultaneous Range Failures
in a GPS/Galileo/IRS Case” ION GNSS 20th
International Technical Meeting Of The Satellite
Division, Sept. 2007.

[6] C. Jekeli “Algorithms and Preliminary Experiences
with the LN93 and LN100 for Airborne Vector
Gravimetry” Air Force Research Laboratory — ref.:
AFRL-VS-TR-2002-1529.

[6] C. Jekeli “Inertial Navigation Systems with Geodetic
Applications” Walter de Gruyter Berlin New York
2001.

[7] C.D. Evans “The Design And Analysis Of Integrated
Navigation Systems Using Real INS And GPS Data”
Air Force Institute Of Technology - ref.:
AFIT/GE/ENG/94D-08.

[8] B.J. Bohenek “The Enhanced Performance Of An
Integrate Navigation System In A Highly Dynamic
Environment” Air Force Institute Of Technology —
ref.: AFIT/GE/ENG/94D-01

[91 M. Papazoglou, C.Tsioras “Integrated SAR /GPS /
INS for Target Geolocation Improvement” Journal of
Computations & Modelling, vol.4, no.1, 2014, 267-
298.

[10] A.C. Watts, V.G. Ambrosia, E.A. Hinkley
“Unmanned Aircraft Systems in Remote Sensing and
Scientific Research: Classification and
Considerations of Use” Remote Sens. 2012, 4, 1671-
1692.

[11] A. Pereira, H. Heidarsson, D.A. Caron, B.H. Jones,
and G.S. Sukhatme. An implementation of a
communication framework for the cost-effective
operation of slocum gliders in coastal regions. In
Proceedings of The 7th International Conference on
Field and Service Robotics, Cambridge, MA, July,
2009.

[12] R. Austin “Unmanned Aircraft Systems” Wiley.
(2010).

[13] Y.C. Lee, D.G. O’Laughlin “A Performance Analysis
of a Tightly Coupled GPS INS For two integrity
monitoring Methods” The MITRE Corporation,
Center for Advanced Aviation System Development
(CAASD).

[14] D. Kiichemann “The Aerodynamic Design of
Aircraft” Pergamon international library of science,
technology, engineering, and social studies, 1978.
Oxford: Pergamon Press. ISBN 0-08-020515-1.

[15] D. Meyer “Glider Technology for Ocean
Observations: A Review” Ocean Sci. Discuss., doi:



IMEKO International Conference on
Metrology for The Sea
Naples, Italy, October 11-13, 2017

10.5194/0s-2016-40, 2016.

[16] Davis, R. E., D. C. Webb, L. A. Regier and J. Dufour.
1992. “The Autonomous Lagrangian Circulation
Explorer (ALACE).” J Atmos Oceanic Technol.
9:264-285.

[17] G.Parthasarathy, Degala Shravya Sree, B.Lakshmi
Manasa — “Design Mathematical Modeling and
Analysis of Underwater Glider” International Journal
of Science and Research (IJSR) ISSN (Online): 2319-
7064.

[18] V.E. Strachan “A Review of the implications of the
Johns Hopkins University Applied Physics
Laboratory GPS Risk Assessment Study” Litton Aero
Products, April 5th, 1999.

[19] RTCM  Special Committee n.104 “RTCM
Recommended standards for differential Navstar GPS
Service” Ver.2.0, Jan.1, 1990.

[20] Davis, R. E., C. C. Eriksen and C. P. Jones. 2003.
Autonomous buoyancy-driven underwater gliders.
In: Technology and Applications of Autonomous
Underwater Vehicles, ed. G. Griffiths, pp. 37-58.
Taylor and Francis.

[21] Y.C. Lee, D.G. O’Laughlin “A Performance Analysis
of a Tightly Coupled GPS INS For two integrity
monitoring Methods” The MITRE Corporation,
Center for Advanced Aviation System Development
(CAASD).

[22] Eriksen, C. C., T. J. Osse, R. D. Light, T.Wen, T. W.
Lehman, P. L. Sabin, J. W. Ballard and A. M. Chiodi.
2001. Seaglider: A longrange autonomous underwater
vehicle for oceanographic research. IEEE J Oceanic
Eng. 26:424-436.

[23] J.W. Diesel, J.R. Huddle “Advantage of Autonomous
Integrity Monitored Extrapolation Technology for
precision Approach” Institute of Navigation GPS
Proceedings, 1997.

[24] D.L. Rudnick et al. “Underwater Gliders for Ocean
Research” Marine Technology Society Journal,
Spring 2004 Volume 38, Number 1.

[25] U.I. Bhatti and W.Y. Ochieng “Detecting Multiple
Failures in GPS/INS Integrated System: A Novel
architecture for Integrity Monitoring” Journal of
Global Positioning Systems (2009).

[26] J.W. Diesel, G. Dunn “GPS/IRS AIME: Certification
for Sole Means and Solution To RF Interference” ION
GPS-96, Institute of Navigation.

[27] J.W. Diesel, “Integration of GPS/INS for Maximum
Velocity Accuracy,” NAVIGATION, Journal of The
Institute of Navigation, Vol. 34, No. 3, Fall 1987,
Institute of Navigation.

[28] C.E.Skibski — “Design of a Autonomous Underwater
Glider focusing on External Wing Control Surfaces
and Sensor Integration” Bachelor of Science Ocean
Engineering Florida Institute of Technology 2009.

[29] R.W. Beard, T.W. McLain “Small Unmanned Aircraft
- Theory and Practice” Princeton University Press

(2012).

[30] Smith Chao Jones Caron Li Sukhatme — “Trajectory
Design for Autonomous Underwater Vehicles based
on Ocean Model Predictions for Feature Tracking”
Field and Service Robotics Volume 62 of the series
Springer Tracts in Advanced Robotics pp 263-273.

[31] R.N.Smith, M.Schwager, S.L.Smith, D.Rus,
G.S.Sukhatme “Persistent Ocean Monitoring with
Underwater Gliders Towards Accurate

Reconstruction of Dynamic Ocean Processes”
Robotics and Automation (ICRA), 2011 IEEE
International Conference.

[32] Techy Tomokiyo Quenzer Beauchamp Morgansen —
“Full Scale Wind Tunnel Study of the Seaglider
Underwater Glider” UWAA Technical Report
September 2010.

[33] Petritoli, E., Leccese, F., Ciani, L. Reliability
assessment of UAV systems (2017) 4th IEEE
International Workshop on Metrology for AeroSpace,
MetroAeroSpace 2017 - Proceedings, art. no.
7999577, pp- 266-270. DOI:
10.1109/MetroAeroSpace.2017.7999577.

[34] Peroni, M., Dolce, F., Kingston, J., Palla, C., Fanfani,
A., Leccese, F. Reliability study for LEO satellites to
assist the selection of end of life disposal methods
(2016) 3rd IEEE International Workshop on
Metrology for Aerospace, MetroAeroSpace 2016 -
Proceedings, art. no. 7573201, pp. 141-145. DOI:
10.1109/MetroAeroSpace.2016.7573201.

[35] De Francesco, E., De Francesco, E., De Francesco, R.,
Leccese, F., Cagnetti, M. A proposal to update LSA
databases for an operational availability based on
autonomic logistic (2015) 2nd IEEE International

Workshop on  Metrology  for  Aerospace,
MetroAeroSpace 2015 - Proceedings, art. no.
7180623, pp- 38-43. DOLI:

10.1109/MetroAeroSpace.2015.7180623.

[36] C.Waldmann, A.Kausche, M.Iversen — “MOTH an
underwater glider design study carried out as part of
the HGF Alliance ROBEX”

[37] Jenkins, S.A. et al., “Underwater Glider System
Study” Scripps Institution of Oceanography,
Technical Report No. 53, May 2003.

[38] S.Wood — “State of Technology in Autonomous
Underwater Gliders” Marine Technology Society
Journal, Volume 47, Number 5, September/October
2013.

[39] Teledyne Webb Research. 2013. Slocum electric
glider. Available at: http://www.webbresearch.com/.

[40] S.Wood “Autonomous underwater gliders” In:
Underwater Vehicles, Chapter 26, edited by A. V.
Inzartsev, 499-524, In-Tech, 2009 Vienna, Austria.

[41] Wilcox, J. S., J. G. Bellingham, Y. Zhang and A. B.
Baggeroer. 2001. Performance metrics for
oceanographic surveys with autonomous underwater
vehicles. IEEE J Oceanic Eng. 26:711-725.

131



IMEKO International Conference on
Metrology for The Sea
Naples, Italy, October 11-13, 2017

[42] Kayton, Fried. “Avionics Navigation Systems”.
Wiley (1997).

[43] C. C. Eriksen, T. J. Osse, R. D. Light, T. Wen, T. W.
Lehman, P. L. Sabin, J. W. Ballard, and A. M. Chiodi.
“Seaglider: a long-range autonomous underwater
vehicle for oceanographic research” Oceanic
Engineering, IEEE Journal of, vol. 26, pp. 424-436,
2001.

[44]J. G. Graver. “Underwater Gliders: Dynamics,
Control and Design”. PhD: Princeton University,
2005.

[45] Petritoli, E., Giagnacovo, T., Leccese, F. Lightweight
GNSS/IRS integrated navigation system for UAV
vehicles (2014) 2014 IEEE International Workshop on
Metrology for Aerospace, MetroAeroSpace 2014 -
Proceedings, art. no. 6865894, pp. 56-61. DOI:
10.1109/MetroAeroSpace.2014.6865894.

[46] Petritoli, E., Leccese, F. Improvement of altitude
precision in indoor and urban canyon navigation for
small flying vehicles (2015) 2nd IEEE International

Workshop on  Metrology  for  Aerospace,
MetroAeroSpace 2015 - Proceedings, art. no.
7180626, pp. 56-60. DOI:

10.1109/MetroAeroSpace.2015.7180626.

132

[47] Webb, D. C., P. J. Simonetti and C. P. Jones. 2001.
SLOCUM: An underwater glider propelled by
environmental energy. IEEE J Oceanic Eng. 26:447-
452.

[48] J. G. Graver, J. Liu, C. Woolsey et al., “Design and
Analysis of an Underwater Vehicle for Controlled
Gliding,” in Conference on Information Sciences and
Systems (CISS), Princeton, 1998.

[49] H. Stommel “The Slocum Mission” Oceanography,
pp- 22 - 25, April 1989.

[50] J.G. Graver. Underwater Gliders: Dynamics, Control
and Design. PhD thesis, Princeton University, 2005.

[51] Sherman, J., R. E. Davis, W. B. Owens, and J. Valdes,
2001: The autonomous underwater glider “Spray”.
IEEE J Oceanic Eng. 26:437-446.

[52] D. L. Rudnick, R. E. Davis, C.C. Eriksen et al.,
“Underwater Gliders for Ocean Research,” Marine
Technology Society Journal, vol. 38, no. 1, Spring,
2004.

[53] D. Titterton, J. Weston “Strapdown Inertial
Navigation Technology”, 2nd Edition — The
Institution of Electrical Engineers and The American
Institute of Aeronautics and Astronautics.



