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Abstract:  Underwater gliders are efficient mobile sensor platforms that can be deployed for months at a time, traveling
thousands of kilometers. Here, we describe our development of a coastal 200 m deep underwater glider, which can serve as an
ocean observatory platform operating in the East China Sea. Our glider is developed based on dynamic model analysis: steady
flight equilibrium analysis gives the varied range of moving mass location for pitch control and the varied vehicle volume for
buoyancy control; a stability analysis is made to discuss the relationship between the stability of glider motion and the location of
glider wings and rudder by root locus investigation of glider longitudinal- and lateral-directional dynamics, respectively. There is a
tradeoff between glider motion stability and control authority according to the specific glider mission requirements. The
theoretical analysis provides guidelines for vehicle design, based on which we present the development progress of the Zhejiang
University (ZJU) glider. The mechanical, electrical, and software design of the glider is discussed in detail. The performances of
glider key functional modules are validated by pressure tests individually; preliminary pool trials of the ZJU glider are also

introduced, indicating that our glider functions well in water and can serve as a sensor platform for ocean sampling.
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1 Introduction

An underwater glider is a type of autonomous
underwater vehicle (AUV) that uses buoyancy control
and lifting surfaces to propel itself forward following
an up-and-down, sawtooth-like profile through the
water, with very low power consumption. Since first
envisioned by Stommel (1989), underwater gliders
have received increasing attention worldwide and
have transitioned from a concept to a technology
serving as an appealing sensor platform for ocean
observatory (Rudnick et al., 2004). It can be deployed
for months at a time, traveling thousands of kilome-
ters. Efforts have focused on the development of un-
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derwater glider for decades. Nowadays, there are
several types of underwater gliders applied for ocean
sampling, such as the three legendary gliders: Slocum
(Webb et al., 2001), Seaglider (Eriksen ef al., 2001),
and Spray (Sherman et al., 2001). As the underwater
glider becomes a technology undergoing active and
rapid development, much theoretical analysis work
has been carried out on glider dynamics (Graver, 2005;
Wang et al., 2011), performance, and stability analy-
sis (Jenkins et al., 2003; Yu et al., 2011) as well as
motion control (Leonard and Graver, 2001; Li et al.,
2008; Mahmoudian and Woolsey, 2008; Yang and Ma,
2010; Hussain et al., 2011) and path planning
(Mahmoudian et al., 2010) based on the glider dy-
namic model. However, glider development and
theoretical research are separate to some extent in the
previous work. There is less systematic theoretical
analysis providing guidelines for glider development,
which is based on dynamic model analysis to obtain
the basic design parameters.
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Here, we describe our development of a coastal
200 m depth underwater glider, which can serve as an
ocean observatory platform operating in the East China
Sea. Our glider is developed based on dynamic model
analysis: steady flight equilibrium analysis gives the
varied range of moving mass location for pitch control
and vehicle volume for buoyancy control; a stability
analysis is made to discuss the relationship between the
stability of glider motion and the location of glider
wings and rudder by root locus investigation of glider
longitudinal- and lateral-directional dynamics, re-
spectively. There is a tradeoff between glider motion
stability and control authority according to the specific
glider mission requirements. Theoretical analysis
provides guidelines for vehicle design, based on which
we present the development progress of the ZJU
glider in detail.

2 Dynamic model

The multi-body glider is modeled as a rigid body
(mass my,) with a single moving point mass m,, which

can move longitudinally along the vehicle’s centerline.

The vehicle also includes a variable ballast actuator
whose effect is represented by a fixed-position point

mass my with variable volume ¥, . The total vehicle

mass is
m=my +m, +m,.

The vehicle displaces a deformable volume of fluid
Vven 0 that the net weight can be described as

W =mg-pgV., =-pgV,,

where the rate of change of varied volume 7, is an

input, enabling buoyancy-powered propulsion. Note
that we have defined a deformable control volume
around the vehicle, so that the vehicle’s buoyancy
varies, with its mass fixed. Alternatively, one could
define a deformable control mass, in which case
buoyancy would remain constant and the vehicle
mass would vary. If W is greater than zero, the vehicle
is heavier than the fluid it displaces and tends to sink,
while if W is negative, the vehicle is buoyant and
tends to rise.

The multi-body glider has eight degrees of
freedom. Except for the conventional six degrees of
rigid body (translational motions: surging, swaying,
heaving; rotational motions: pitching, rolling, yaw-
ing), a longitudinal moving particle for pitch control
and a rudder for directional control add the other two
degrees of freedom. A rudder for directional control
can provide better maneuverability for a turning mo-
tion when the glider moves in shallow water.

2.1 Kinematics

Define a body-fixed, orthonormal reference frame
centered at the center of buoyancy of the vehicle and
represented by the unit vectors by, b,, and b;. The
vector b is aligned with the longitudinal axis of the
vehicle, b, points out the right wing, and b; completes
the right-handed triad (Fig. 1). Define another or-
thonormal reference frame, denoted by the unit vec-
tors iy, ip, and i3, which is fixed in inertial space such
that #; is aligned with the force due to gravity. The
choices of frames are consistent with the underwater
vehicle literature (Fossen, 1995). The relative orien-
tation of these two reference frames is given by the
proper rotation matrix Ryg, which maps free vectors
from the body-fixed reference frame into the inertial
reference frame (Fossen, 1995). Let ¢; (i=1, 2, 3)
represent the standard basis vectors in the 3D space,
and let the character ©*’ denote the 3x3 skew-
symmetric matrix satisfying ab=axb for vectors a
and b. Then, in terms of conventional Euler angles
(roll angle ¢, pitch angle 6, and heading angle y), we
have

Ry (9.0,p) = eéweézaeélwa
where ¢ denotes the matrix exponential (Mah-
moudian, 2009).

Fig. 1 Illustration of the underwater glider rigid body
and mass particles
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Let the inertial vector X =[X, Y, Z]" represent

the position vector from the origin of the inertial
frame to the origin of the body frame. Let
v=[u,v,w]" and @ =[p, q,r]" represent the trans-
lational and rotational velocities of the body with
respect to the inertial frame, respectively, but ex-
pressed in the body frame. The kinematic equations
are

X = Ry, (1)

R, = RIBa}' 2

In addition to the six degrees of freedom asso-
ciated with the vehicle’s translation and rotation, there
is one degree of freedom associated with the moving
mass, which is modeled as a particle moving along b,

and used for pitch angle regulation. Let r,=[r, .0, o]

denote the particle position with respect to the body
frame origin, expressed in the body frame. The
kinematics of the moving mass particle relative to the
inertial space is

v =v+a)xrp+ffpxb1. (3)

Note that we may also write

where p=[v", ®"

ei=[1,0,0]".

, 7, 1", I'is the 3x3 unit matrix, and

2.2 Dynamics

To derive the equations of motion, we must first
determine the kinetic energy of the body/fluid/particle
system in order to compute the momenta (Woolsey,
2005). We start by defining the energy of the particle:

1 1
_ L T, _ L T
7;) - 2 myVy vy = 277 Mp(rp)n’
where
T A
I1)\(1I mlI — —mr, m, e,
Mp (rp) =m,| F, || F | =| mF, —mFEF  mfe
T T T A
e e me, —mer, m,

denotes the generalized inertia matrix for the moving
particle.

The buoyancy control system of the glider is
considered as a mass and position-fixed particle. The
generalized inertia matrix for the buoyancy control
system is

md —-my 0
M, =| m¥y, -mmrnr, 0],
0 0 0

where r=[r, 0, 0]T denotes the location of the buoy-
ancy control system with respect to the body frame
origin, expressed in the body frame. Throughout the
text, 0 represents a matrix or vector of zeros (whose
dimension is clear from the context). The kinetic
energy of the buoyancy control system is

1
T,=on M.

If J, denotes the 3x3 matrix of moments and
products of inertia for the rigid body (Fossen, 1995),
then the generalized mass matrix for the rigid body
portion of the glider is

my I —mgF, 0
M,, =| myF, I 0],
0 0 0

where r,=[0, 0, r,b]T denotes the center of mass posi-
tion of glider rigid body portion with respect to the
body frame origin, expressed in the body frame. The
kinetic energy of the rigid body portion is

1
T;b = E”TMrbn’

We finally define the generalized added inertia
matrix, which accounts for the energy necessary to
accelerate the fluid around the vehicle as it moves:

M, C 0
M, =|C, J, 0
0 0 0

where the component submatrices My, J, and Cy rep-
resent added mass, added inertia, and hydrodynamic
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coupling between the translational and rotational
motions of the rigid body, respectively (Newman,
1977; Fossen, 1995). The kinetic energy of the
fluid is

1
I=on M.

The total kinetic energy of the rigid body/fluid/
particle system is

T =T+ T, 4 T+ Ty = MG

where Mi(r,) =M (r)+M, + M, +M;.
The generalized momentum is
p
W |oT
on
Dy,

where p is the total body translational momentum,
and h is the total body angular momentum. p, ap-

pears in the point mass momentum

Py,
pp = p,;) s
P,

where Py, and p, are completely defined by the

motion of the rigid body and can therefore be incor-
porated into the total momentum of the rigid body.
The component p,, on the other hand, is uncon-

strained in the longitudinal direction and thus repre-
sents an additional degree of freedom that should be
explicitly accounted for. Besides, the definition of the
momentum of the buoyancy control system can be
incorporated into the total momentum of the rigid
body.

The dynamic equations in the body frame are

p=pxo+Wi+f, 4)
h=hx@+ pxv+m, gr, x
p rbgrb ; (5)

+ m, gr, ><4’+mpgrp xg+m,,

b, =e-(px@+mgl)u, ., ©)

where ¢ = R,i, is the ‘tilt vector’, the body frame
unit vector in the direction of gravity, and u, is input

force from the actuator which adjusts the glider
attitude.

The terms f, and m, represent viscous effects
acting on the glider expressed in the body frame.
These forces and moments include viscous forces
(such as lift and drag) and control moments (such as
the yaw moment due to a rudder). The hydrodynamic
forces and moments above are expressed in the ‘cur-
rent’ reference frame. Let a=arctan(w/u) denote the
vehicle’s ‘angle of attack’ and let f=arsin(v/||v||) de-
note the ‘sideslip angle’. The current frame is related to
the body frame through a proper rotation matrix

Ry (a,p)= e e

See Etkin and Reid (1995), for example. Following
the standard modeling conventions (McCormick,
1979; Etkin and Reid, 1995), we write

D(a)
S =Ry Sﬁﬁ+S5,5r )
Lo
Kﬁﬂ+K5r5r
M, a
N,f+N,;0,

m, =D o+

The various coefficients, such as L, and Ny, de-
pend on the vehicle speed, through the dynamic
pressure, the geometry, and the Reynolds number. The
matrix D, contains terms which characterize viscous
angular damping (such as pitch and yaw damping)
(Mahmoudian, 2009). S;, K, and N; represent

the sideslip force, roll, and yaw moment coefficients
due to a rudder, respectively.

According to Egs. (4)—(6), along with the
buoyancy actuator dynamics, the glider dynamics is
described as

V; =Uy, (7)

where u, is the input force from the actuator, which
adjusts the net weight of the glider. Together with the
kinematic Egs. (1)—(3), these equations completely
describe the motion of the vehicle in still water.
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3 Dynamic model analysis

Based on the derived dynamic model, steady
flight equilibrium analysis and stability analysis are
carried out in this section. Steady flight equilibrium
analysis is important for motion control and path
planning, as well as for vehicle design, as it may
provide guidelines for sizing actuators and stabilizers.
Stability analysis is used to provide guidelines for
vehicle geometry design. Similar to aircraft study,
glider geometric parameters determine the hydrody-
namic coefficients, which will further affect the sta-
bility of glider motion (Fan et al., 2012).

3.1 Steady flight equilibrium

The purpose of this analysis is to obtain the basic
design parameters for glider development, including
the varied range of moving mass location (7, ) for

pitch angle control and the varied range of the volume
of the ballast system (V,) for buoyancy control. The

steady-state flight conditions are determined by
solving the nonlinear state Egs. (4) and (5) for the
state and control vectors that make the state deriva-
tives identically zero:

p=0, h=0.

Because of the complexity involved in computing an
analytical solution, numerical algorithms for com-
puting ‘trim conditions’ are necessary. A numerical
trim solver is developed based on Matlab’s fsolve
subroutine, with which we can obtain the steady flight
equilibrium much more easily and accurately than an
analytical solution, as in Mahmoudian et al. (2010).
This trim solver can also serve to determine the
feedforward terms of the feedforward/feedback con-
troller for glider motion control (Mahmoudian and
Woolsey, 2008).

The numerical trim solver takes the desired
steady motion parameters (speed, pitch angle, or
heading angle) and determines the required inputs for
actuation (the moving mass and rudder location, and
the varied volume of the ballast system). In applica-
tions where inertial velocity measurements are
available, it may be more appropriate to regulate the
glide path angle and course angle rather than the pitch
angle and heading angle. However, inertial velocity
measurements are typically unavailable for an un-

derwater glider. For most of the time the glider moves
in the wings-level flight condition steadily and effi-
ciently. Here we take glider wings-level steady flight
as an example to introduce our numerical equilib-
rium-finding results. Some of the physical and hy-
drodynamic characteristics used in the numerical
calculation are initially referred to a model of Slocum
presented in earlier studies (Graver, 2005; Bhatta,
2006).

For our case, the masses of the pitch control
module () and the buoyancy control module (1)
are 10 and 5 kg, respectively, and their locations are
initially set at 0.25 m fore and 0.5 m aft of the center
of vehicle buoyancy, respectively. The mass of the
glider rigid body (my,) is 45 kg, whose center of mass
is located 0.05 m under the center of vehicle buoy-
ancy vertically. Tables 1 and 2 show two sets of
wings-level equilibriums during glider descending in

order to determine the design parameters 7, and v,.
Table 1 shows that, for the same gliding speed V=
0.4 m/s, when the pitch angle 6 changes from —5° to
—60°, the location of the moving mass 7, changes

from 272.0 to 640.1 mm and the amount of volume
variation ¥, changes from —215.9 to —37.5 ml. Table
2 shows that, for the same pitch angle 6=—35°, which
is the maximum horizontal velocity flight condition
of glider motion (Graver, 2005), when the gliding
speed V changes from 0.1 to 0.8 m/s, the required

amount of volume variation ¥, changes from —3.5 to
—223.1 ml, while the location of the moving mass r,
does not change too much, from 407.6 to 410.0 mm.

While wings-level equilibriums are symmetrical for

Table 1 Wings-level equilibriums with a fixed gliding
velocity (V=0.4 m/s)

) r,, (mm) a(°) 7, (ml)
=5 272.0 5.52 2159
-10 291.3 3.80 -150.3
-15 311.5 2.78 -112.5
-20 3329 2.15 —-89.2
=25 355.7 1.72 -74.0
=30 380.6 1.41 —-63.4
-35 408.2 1.17 —55.8
—-40 439.3 0.99 =50.1
—45 475.5 0.83 —45.7
-50 518.6 0.70 —42.3
—55 571.8 0.58 -39.6
—-60 640.1 0.48 -37.5
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glider descent and ascent motions, based on numeri-
cal calculation of wings-level descent equilibrium, we

choose 7, =+300 mm and V, =+250 ml as our de-

sign parameters for glider development; thus, we can
obtain the maximum pitch angle 50° and the maxi-
mum gliding speed 0.8 m/s at least. Since then, the
length of the glider sealed hull is initially identified as
1.5 m.

Table 2 Wings-level equilibriums with a fixed pitch
angle (0=-35°)

V (m/s) r, (mm) a(°) V, (ml)
0.1 407.6 1.17 -3.5
0.2 407.7 1.17 -13.9
0.3 407.9 1.17 -31.4
0.4 408.2 1.17 —55.8
0.5 408.5 1.17 —87.2
0.6 408.9 1.17 —-125.5
0.7 409.4 1.17 —-170.8
0.8 410.0 1.17 —223.1

3.2 Stability analysis

Here, a stability analysis is made to discuss the
relationship between the stability of glider motion and
the location of glider wings and rudder, by viewing
glider dynamics as a multi-degree-of-freedom eigen-
value problem using linear algebra solution tech-
niques. To achieve this, considering a glider with
fixed actuators as a rigid body, we linearize the dy-
namic equations about a wings-level equilibrium
condition. Fixed actuators mean that the actuator
parameters, such as a moving particle, vehicle
buoyancy, and rudder deflection angle, are assumed to
remain constant. In aircraft stability and control the-
ory, such an analysis is referred to as ‘stick-fixed’
stability analysis, since it is assumed that the pilot
holds the “stick’ such that the control surfaces remain
fixed in place (Etkin and Reid, 1995).

Based on the discussion in Section 3.1, we choose
a set of descent equilibrium conditions in Table 2,

which is V=04 m/s, 7, =-558ml, y,=35°,

F, o =04082m, ., =1.17°. Linecarizing the cou-

pled and nonlinear dynamic equations about the
above wings-level equilibrium, one finds that the
resulting equations are decomposed into longitudinal-
and lateral-directional components, each of which is a
set of four, first-order, coupled ordinary differential

equations (ODEs) with constant coefficients. Ignor-
ing certain kinematic variables, one obtains two sets
of equations in linear algebra form:

Xione = A X

long long“™ long

+B

long ulong H

X =A4 X, +B

lat lat <™ lat lat ulat ’

where the longitudinal- and lateral-directional state
vectors are

X]Oﬂg =[u,w,q,€]T 4 Xlat :[v5p7r5(0]T .

Next, we investigate the effect of a few critical
geometric parameters on the eigenvalue distribution
of the linearized dynamic model, in the chosen wings-
level flight condition with all the actuators fixed. We
present root locus plots for the longitudinal modes in
terms of wing location / (the aerodynamic center of
the wing is a distance /,, aft of the center of buoyancy),
and for the lateral-directional modes in terms of
rudder location /. (the aerodynamic center of the
rudder is a distance /; aft of the center of buoyancy).
Fig. 2 describes the definition of geometric parame-
ters /,, and /..

Fig. 2 Glider geometric parameters for stability analysis

Fig. 3 shows a root locus plot for the longitudinal
modes in wings-level flight under the chosen equi-
librium flight condition in terms of parameter /. In
this plot, /,, varies from zero, in which case the wing is
aligned with the center of buoyancy, to 0.2/ (/ is the
length of the glider sealed hull). Note that the farther
aft the wing is located, the more stable the glider
longitudinal dynamics becomes, due in part to the
increased pitch damping. This increased stability is
beneficial to glider steady motion, but may also limit
pitch control authority because of the increased arm
of hydrodynamic force applied on the wings, a
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tradeoff that should be considered for the layout of
wings. Fig. 4 shows a root locus plot for the lateral-
directional modes in the chosen equilibrium flight
condition in terms of parameter /.. In the plot, /; varies
from 0.5/ to /, that is, from the stern end of the hull to a
half vehicle length aft of the stern. The farther aft the
rudder is located, the more stable the glider lat-
eral-directional dynamics becomes, due to increasing
yaw stiffness and damping. Again, there is another
tradeoff between stability and control authority for the
layout of the rudder.

2.0

1.0 /
/

0

Imaginary

-0.5

-1.0

-15

20 . .
-40 -35 -3.0

25 20 -15 -10 -05 0
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Fig. 3 Root locus plot for longitudinal modes with /,,
Root locus branches begin at circles and end at squares. The
crosses represent the eigenvalues of glider longitudinal dy-
namics with chosen design parameters
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Fig. 4 Root loci plots for lateral-directional modes with /,

Root locus branches begin at circles and end at squares. The
crosses represent the eigenvalues of glider lateral-directional
dynamics with chosen design parameters

The increased stability may provide better re-
sponse to disturbances, but meanwhile it may limit
the control authority of glider motion. Tradeoffs be-
tween control authority and stability are fundamental
in vehicle design and they suggest the need for sta-
bility requirements or guidelines. For manned vehi-

cles, such guidelines are obtained based on crew and
passenger comfort. For unmanned vehicles, a primary
concern may be motion of the payload in response to
disturbances. In any case, the tradeoff can be ad-
dressed based on a clear statement of mission re-
quirements (Fan ef al., 2012).

For our case, the wings and rudder are designed
with a swept-back angle, not only to increase glider
motion stability in pitch and yaw (Warren, 2009), but
also to reduce weed accumulation (Webb et al., 2001).
Balancing the requirements of stability and control
authority of glider mission, for the equivalent rec-
tangular wing and rudder (Mason, 2001), we choose
14+=0.15/ and /,=0.8/ as our design parameters. The
longitudinal- and lateral-directional stability of glider
dynamics with the chosen design parameters is
marked by crosses in Figs. 3 and 4. In our case, the
stability of the glider may provide a better response to
disturbances and the control authority is attainable.

4 Glider prototype development

With the key glider design parameters deter-
mined by dynamic model analysis, we aim to develop
a coastal underwater glider serving as an ocean ob-
servatory platform in the East China Sea. As the depth
of the East China Sea is mostly less than 200 m
(Encyclopedia Britannica, 2012), our glider is de-
signed to operate in 200 m deep water.

4.1 Specifications and design scheme

Referring to the features of the underwater glider
discussed in Rudnick et al. (2004), our glider is
composed of a hull with wings, an attitude control
system for pitch and turning control, a buoyancy con-
trol system, electrical hardware (e.g., controller,
communication terminals, navigation and positioning
devices, sensors, and batteries), and PC interface
software. Some key specifications of the glider are
listed in Table 3.

According to glider functional requirements, the
whole glider system is organized into three layers:
organization layer, coordination layer, and execution
layer. The flowchart of the glider system is presented
in Fig. 5. The organization layer is responsible for
mission planning, control command downloading,
sample data processing, and vehicle running status
monitoring. The coordination controller dominates
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Table 3 Key glider specifications

Parameter Value
Body length 1.5m
Full body (with rudder) 2.1m
Diameter 220 mm
Mass 60 kg
Buoyancy engine displacement 0-500 ml
Endurance 20d
Depth 200 m
Pitch control authority +50°
Deflection angle of rudder +60°

the whole coordination layer and coordinates all the
equipment in the vehicle (including communication
terminal, navigation and positioning devices, data
logger, a variety of sensors, and so on), making them
work orderly and effectively. The controller commu-
nicates with the organization layer receiving control
commands and sending running status, motion state,
and sample data. The actuators for attitude control
and buoyancy control belong to the execution layer,
and the communication between the coordination layer
and the execution layer is via a controller area net-
work (CAN) bus to obtain real-time motion control.

4.2 ZJU glider configuration

To modularize the vehicle and for easy system
assembly, our glider is designed with modular

architecture. The sealed cylinder hull is divided into
three parts: pitch control system bay (front), electrical
hardware bay (middle), and buoyancy control &
turning control systems bay (rear). Besides, the
communication and positioning terminals are sealed
in the plastic rudder due to their functional require-
ments. Modular architecture allows other functional
bays to be integrated into the existing platform easily
extending the functionality of the vehicle, such as
developing a wave-energy collecting unit to capture
environmental energy, or adding additional propeller
and control surfaces to increase the maneuverability
of the glider. Water can pass through the front and rear
elliptical hemispheres, which contain sensors and a
bladder, respectively. Fig. 6 shows the configuration
of the ZJU glider.

4.3 Functional modules

Next, we will present the main functional modules
of our glider including the hull, buoyancy control

Fig. 6 ZJU glider configuration

Mission planning: global and local |

Organization layer ()

Running status display: motion parameters and alarms |

Sample data processing: receive, display, and store |

Organization controller

Radio§

Iridium satellite

Download control command: parameter configuration and next mission point |

Controller for

oller Motion parameter calculation |
coordination

Sensor
management

Communication

Sonar altimeter)

Signal
conditioning

module

Positioning |—<GPS receiveD
Navigation and —| Dead reckoning - Depth sensoD Data a;cquisition

Data storage

positioning module

[ Voltage, current, leakage |

Coordination layer ﬁ

module

Electroni Real-time
lectronic compass Sk

Execution layer

Buoyancy control
Motor and valve

Attitude control
Motor and switches

Steering gear and brake,

Fig. 5 Flowchart of the glider system
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system, attitude control system, electrical hardware,
and PC interface software. Since the maximum opera-
tional depth of the underwater glider is determined by
the strength and sealing capability of the hull as well
as the performance of the buoyancy control system,
here we will introduce these two key modules in more
detail.

4.3.1 Structural design

As the vehicle operates within 200 m deep water,
the hull should withstand 2 MPa water pressure. The
hull is also designed to have less mass and larger
containing space to store more components and de-
vices. For structural analysis, it is assumed that the
main hull is a cylindrical tube with constant wall
thickness. The hull is sized based upon yield and
buckling criteria (Wang and Cai, 2005). Conventional
structural analysis methods are used to size the wall
thickness of the hull with a given length, in terms of a
factor of safety of two or greater.

Referring to the sizes of the existing gliders
(Eriksen et al., 2001; Sherman et al., 2001; Webb et al.,
2001), and also according to our needs, the entire
length and inner diameter of the hull are chosen to be
1.5 m and 0.21 m, respectively. As our glider is de-
signed with modular architecture, the glider hull is
divided into three parts. The longest part of the hull is
used to contain a pitch attitude control system. Based
on the analysis in Section 3.1, the length of this part of
the hull is chosen to be 0.75 m. Here, we just need to
size the wall thickness using yield and buckling criteria
with respect to this part of the hull. Considering that
the end of each part of the hull is reinforced with rib
structure, which will improve the mechanical strength
of the hull a lot, we can select a smaller factor of safety
during our calculation. The wall thickness of the hull
is calculated with comparison among three different
kinds of materials—stainless steel, hard aluminum
alloy, and titanium alloy, which are commonly used
for hull fabrication of underwater vehicles.

Depending on the yield criteria, the thickness of
the hull J is determined by

5> tmD o )
 20ole - B

where Py« 1s the maximum working pressure, D; is
the inner diameter of the hull, [o] is the permissible

stress, C is the additional value of wall thickness, ¢ is
the weld joint efficiency, and Jy is the wall thickness
of strength check.

Since the glider hull is characterized as a thin-
walled short cylinder (Wang and Cai, 2005), the
buckling wall thickness check a necessary. Here, both
the circumferential and axial buckling check is con-
sidered. The wall thickness of circumferential buck-
ling criteria is obtained by

0.4

P L

5bc > D(, mc max , (9)
2.59ED,

where D, is the outer diameter of the hull, m, is the
factor of safety for circumferential stability (we
choose m, as 2 here), L is the length of the checked
hull, E is the elastic modulus of the material, and Jy,
is the wall thickness of circumferential buckling
criteria.

The permissible critical stress of axial buckling
can be calculated by

0.182E0
[G]cr = ’
m R

a

(10)

where m, is the factor of safety for axial stability (we
choose m, as 3 here), R is the radius of the interme-
diate surface of the hull, and [o]., is the permissible
critical stress of axial buckling.

Both the yield and buckling criteria are consid-
ered for each kind of material. Table 4 gives the
characteristics and wall thickness calculation results
of the three kinds of materials. The results indicate
that the permissible critical stresses of axial buckling
of all three materials are much greater than the maxi-
mum working pressure, so the size of wall thickness is
determined by circumferential buckling criteria.
Taking multiple factors into consideration, such as
wall thickness, mass, corrosion resistance capability,
and machining available, we choose titanium alloy as
our hull material; the wall thickness of the hull is
4.2 mm. The performance of the hull we designed will
be validated by pressure tests in Section 5.1.

4.3.2 Buoyancy control system

The variation of glider buoyancy is designed with
an oil-filled bladder, which is inflated and deflated
using a reciprocating pump to transfer oil between the
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Table 4 Characteristics and calculation results of three different kinds of materials

Parameter Value/Description
Stainless steel Hard aluminum alloy  Titanium alloy

Composition 12Gr1MoV LY12 TC4
Yield stress (MPa) 290 274 824
Permissible yield stress (MPa) 145 137 412
Tensile stress (MPa) 500 421 895
Permissible tensile stress (MPa) 167 143.3 298.3
Permissible stress (MPa) 145 137 298.3
Wall thickness of strength check (mm) 1.5 1.6 0.8
Elastic modulus (MPa) 2x10° 6.2x10* 1.06x10°
Wall thickness of circumferential buckling criteria (mm) 3.24 5.18 4.15
Permissible critical stress of axial buckling (MPa) 369.54 182.11 255.04
Density (kg/m’) 7900 2700 4500
Mass of the hull (kg) 29.5 15.1 20.5
Corrosion resistance capability Not good Good Better

reservoir inside the vehicle hull and an external S

bladder exposed to the water. A solenoid valve is used ! 2 4

to shut off the oil channel when needed. As a common , L/ 5

disadvantage of the micro reciprocating pump is oil /

leakage, especially under high pressure, here we 8

adopt an open-formed reciprocating pump, which is

immersed into a sealed oil cylinder, and use dynamic z

sealing to seal the shaft of the pump. This method

solves the leakage problem effectively. The reservoir K R

is designed as the hydraulic cylinder form, and we use \10 R 6

a pull-wire displacement sensor to measure the dis-
placement of the cylinder piston, with which the
volume of inflated and deflated oil can be estimated
correctly. To make the buoyancy control system
compact and smart, we adopt a hydraulic valve plate
to fix all the components of the buoyancy control
system together. The mechanical structure of the
buoyancy control system is shown in Fig. 7. Based on
the theoretical analysis in Section 3.1, the maximum
effective capacity of the cylinder and the bladder is
designed to be a little more than 500 ml, to provide
enough varied volume for buoyancy control. The
chosen motor and pump are powerful enough to pump
oil into the bladder outside, withstanding water
pressure at 200 m depth.

The hydraulic simulation module of AMESim
software is used to investigate the feasibility and
dynamic performances of the buoyancy control sys-
tem. An equivalent simulation model is developed
according to our needs (Fig. 8a). Two cylinders are
taken as the internal reservoir and the external bladder,
respectively. A force applied to the piston rod of the
reservoir cylinder acts as the friction force during

1. motor; 2. coupling; 3. reciprocating pump immersed in an oil cylinder;
4. rudder rod; 5. solenoid valve; 6. bladder; 7. endcap of glider hull; 8.
valve plat; 9. oil cylinder; 10. pull-wire displacement sensor

Fig. 7 Mechanical structure of the buoyancy control
system

piston motion; another force applied to the piston rod
of the bladder cylinder simulates the pressure from
seawater. A flow meter is used to measure the volume
of inflated or deflated oil in our simulation; the
measurements can be taken as feedback to switch the
external force and control the action of the motor and
the solenoid valve.

The varied range of bladder volume is 0—500 ml;
the maximum load pressure is 2 MPa; the displace-
ment of the pump is 1.1 ml/r; and the output speed of
the actuator is 470 r/min. In fact, we obtain the vol-
ume of inflated or deflated oil from the measurement
of the location of the reservoir cylinder piston. The
diameter of the cylinder piston is 50 mm, and the
piston stroke of the reservoir cylinder is 300 mm. The
piston moves from 22.5 to 277.5 mm in the cylinder
to deflate the bladder when the glider dives and
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moves in the opposite direction to inflate the bladder
when the glider rises (Fig. 8b). Simulation results
indicate that the hydraulic system is feasible. Note
that it takes about 57 s to inflate or deflate 500 ml of
oil with the given operational parameters of hydraulic
components. The actual performance of the buoyancy
control system will be validated in Section 5.1.

Bladder

Reservoir

g 300T
= )
c 250 FAY A
_g 4 N 4 “\
g 200 40\ 7N
L Y
g 150/ \\ ,." \
2 q00f //" \ ‘,I \\
% 50 [ \'/ “\‘
S 0
0 50 100 150 200 250
Time (s)

(b)

Fig. 8 AMESim simulation of the buoyancy control system
(a) AMESim model; (b) Simulation result

4.3.3 Attitude control system

The implementation of our pitch control system is
based on a screw-nut assembly, and a battery package
is fixed to the moving nut and taken as the moving
mass. The moving range of the mass is designed ac-
cording to the analysis in Section 3.1. The worm gear
and worm are used to reduce the motor speed and
increase the torque of the motor. Moreover, the
self-locking capability of worm gear and worm is
quite necessary for our requirement that the mass
should be locked at a certain location when it stops.
Besides, a pair of limit switches is used to ensure that
the moving mass moves within the available range.

Here, we use a rudder to achieve a turning motion
in order to have fast maneuverability in shallow water.
A steering motor actuates the rudder rod to swing the
rudder, and a dynamic rotating seal is used to seal the
rudder rod. When the glider moves in the longitudinal

plane and the turning motion is not needed, the rudder
is locked by a normally closed electromagnetic brake.
The mechanical structure of our glider attitude control
system is presented in Fig. 9.

Fig. 9 Attitude control system
(a) Pitch control; (b) Turning control

4.3.4 Electrical hardware

The control system embedded in the vehicle is
the core of glider electrical hardware. The glider
control system is based on a TMS320F28335 (TI,
USA) controller, which is expert in both accurate
signal processing and real-time motion control. Its
multiple peripheral ports are very convenient for the
integration of other functional devices. Glider func-
tional devices include an electronic compass (PNI
TCMS), a GPS receiver (NovAtel OEMV-3), a com-
munication terminal (Freewave FGR115RC/WC),
and a CTD (Sea-Bird GPCTD). Two main functions
of the control system are data acquisition (board 2)
and motion control (board 3) (Fig. 10). Some neces-
sary circuit modules are developed to expand the
functionality of the system including serial port ex-
pansion, signal conditioning, external memory ex-
pansion, real-time clock, voltage regulation, as well
as communication and switch isolation. A polymer
lithium battery package whose power capacity is 45
A-h supplies energy for the operation of the whole
glider system.

4.3.5 PC interface software

The PC interface software plays an important
role in system operation, with which the interaction
between the human organizer and the glider vehicle is
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achieved through communication terminals. It pos-
sesses multiple functions, such as monitoring system
running status, sending control commands, displaying
glider motion state, as well as processing the sampled
data including data receiving, display, and storage,

Fan et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2013 14(8):583-599

We adopt an error-detection mechanism during
communication and provide data transmission with
error-recovery ability, to guarantee accurate and reli-
able command/data sending and receiving accurately
and reliably. The interface of PC software is shown in

when the glider dwells on the surface of the water.  Fig. 11.
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5 Validation of the prototype

The validation of the prototype was carried out
step by step. First, we tested and ensured the per-
formance of glider key functional modules individu-
ally, which are the hull and the buoyancy control
system. Then it might be feasible to assemble the
whole system and validate the prototype with an
in-water trial.

5.1 Functional modules test
5.1.1 Pressure tests of the hull

There is a 60 MPa hyperbaric chamber in our lab,
which could be used to test the strength and sealability
of the hull. The divided bays were assembled together
with O-rings for static sealing (connection between
different bays, endcaps, and bladder) and dynamic
sealing (connection between rudder rod and endcap).
The hull was put into the hyperbaric chamber, which
is filled with water. By controlling a pump outside,
the pressure inside the chamber can be increased up to
certain pressure required (Fig. 12).

(b)

Fig. 12 Pressure test of the hull in the hyperbaric chamber
(a) Putting the hull into the hyperbaric chamber; (b) Reading
from the pressure gauge

To simulate the pressure applied on the glider
during its gliding motion, pressure tests of the hull
were carried out intermittently for several cycles. For
each cycle, the pressure was increased up to more
than 2 MPa, held for a while and then decreased to
0 MPa. The pressure test cycles were recorded in
Table 5. Note that for each pressure holding phrase,
the pressure was successfully maintained at greater
than 2 MPa. There appeared gradual reduction in
pressure for each pressure test cycle (the amount of
the reduced pressure is less than 0.1 MPa), which was
due to a very gradual change in chamber volume and
hull volume when the chamber and hull are under
high pressure. According to our operation experience,
this small amount of pressure reduction is acceptable.
With careful checking, we found the hull was intact
and the sealability of the hull was good after the hull
was taken out of the chamber.

Table S5 Pressure test cycles

No. Time (hh:mm) Pressure (MPa)
1 From 16:45 2.360
To 17:15 2.293
2 From 17:30 2.392
To 18:30 2.317
3 From 18:45 2.390
To 19:45 2.317
4 From 20:00 2.308
To 20:30 2.266
5 From 20:45 2.418
To 21:45 2.372
6 From 22:00 2.410
To 23:00 2.385

5.1.2 Performance tests of the buoyancy control
system

Although the hyperbaric chamber has a large
adjusting range of pressure, the sensitivity of adjusting
is bad. It is hard to accurately adjust the pressure to a
certain value under 1 MPa; what is more, there exists
a dead zone at the beginning of the adjusting. So, it is
unavailable to use the 60 MPa hyperbaric chamber to
carry out the pressure test of the buoyancy control
system. We thought up a novel idea to have a better
understanding of the performance of the buoyancy
control system under different pressures (within 2.5
MPa). When the glider works in the water, only the
hull and the bladder are exposed to water, and the
other parts of the buoyancy control system are sealed
inside the hull. Since then, we just need to design a
small hyperbaric chamber which is large enough to
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contain the bladder. The bladder withstands the
pressure inside the chamber, while the other parts of
the buoyancy control system are exposed to the air.
Similar to the operation of the large hyperbaric
chamber, we used a manual pump to slowly fill the
small hyperbaric chamber with water; thus, the rate of
pressure increase could be under accurate control
(Fig. 13).

As the performance of the motor and pump is not
only based on their individual qualities, but also af-
fected by the operating parameters that properly
match each other and the load effect. During our tests,
we tried to investigate the efficiency of the motor and
pump system with different speeds under different
pressures in order to obtain the optimal speed. The
efficiency could be described as follows:
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where 7 is the efficiency of the motor and pump sys-
tem, Wysetu 18 the useful work done by the motor and
pump system, Wiy, is the total work done by the
motor and pump system, P is the pressure load caused
by seawater, S is the cross-sectional area of the cyl-
inder piston, U is the operating voltage of the motor, /
is the operating current of the motor, 7 is the work time
of the motor and pump system, /yiston 1S the displace-
ment of the cylinder piston, and K denotes the amount
of power consumption when driving the reservoir
cylinder piston moving per millimeter of displace-
ment. It is clear that if P and S are constant, # is in-
versely proportional to K. Besides, we investigated
the response performance of the buoyancy control
system at the optimal speed under different pressures.

We chose the Maxon EC 45 motor (the input
voltage is 24 V) as our actuator for buoyancy control.
The motor is equipped with a reducer, whose reduction
is 15:1, to increase the driving torque of motor and

Valve plate

/
Pump | Motor

Solenold valve

Cylinder

Fig. 13 Pressure test of the buoyancy control system in a small hyperbaric chamber: (a) schematic of pressure

test; (b) picture shot from pressure test
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decrease the speed of motor. The rated ratio decrease
motor speed. The rated displacement of the recipro-
cating pump is 1.1 ml/r. Because of the transmission
losses and the load effect, the efficiency of the motor
and pump will change. During our tests, the efficiency
of the motor and pump was first investigated under
different pressures, from 0 to 2.5 MPa, with 0.5 MPa
as the interval. For each pressure, the speed of the
motor varied from 3500 to 8750 r/min, with 1750
r/min as the interval (Fig. 14). The designed test was
aimed to find the optimal speed, at which the lowest
power consumption could be obtained, as well as the
acceptable rate of oil inflating or deflating. Based on
the test results, we chose 7000 r/min as our motor
speed. System response under different pressures with
motor working at 7000 r/min is presented in Fig. 15.
Note that as the pressure increases, more time is
needed to propel the piston of the reservoir cylinder
moving the same length of distance; this means it is
harder to inflate the same volume of oil when the
glider ascends at a deeper depth. The system response
of test at 0 MPa is similar to the simulation results in
Section 4.3.2. It took around 60 s to inflate 500 ml of
oil for both the test (under 0 MPa) and the simulation
(under 2 MPa), but about 20 s more to inflate the same
volume of oil at 2 MPa during tests. It is because all
5.0
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Fig. 15 System response under different pressures with
motor working at 7000 r/min

the hydraulic components work under ideal condi-
tions in simulation, and the transmission losses and
load effect are not considered.

5.2 Pool trials

The glider prototype pool trials involved the
work on mechanical components assembly, electrical
hardware integration, and the whole system debug-
ging based on software. After system trimming, glider
trials in the pool were carried out. Limited by the
depth of the pool (3.5 m), preliminary trial results of
glider working were obtained. The pool trials aimed
to (1) detect the cooperating ability of glider motion
modules for attitude control and buoyancy control, (2)
test the coordination capability of the controller em-
bedded in the vehicle and the performance of various
electronic devices, such as communication terminals,
navigation and positioning devices and sensors for
sampling, and (3) examine the multiple functions of
PC interface software.

The glider followed an up-and-down, sawtooth-
like profile through the water. Its descent and ascent
motion was captured by an underwater camera fixed
in the pool; the pictures shot by the camera are shown
in Fig. 16. The vehicle communicated with an onshore
control computer periodically when it appeared on the
surface of the water via radio. The plots in Fig. 17
present glider motion data recorded by PC interface
software, including the varied volume of bladder,
glider attitude, and glider path. It seemed that the
electronic compass for attitude measurement gave a
faulty heading reading. There existed a range of 35°
drift, which should not happen during glider motion
in the longitudinal plane. Actually, the accuracy of the
compass for heading measurement is 0.3°, so we
inferred that the unexpected drift might be due to the
disturbance from other magnetic devices, such as the
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21 Sep 12

08:25: 26

21 Sep 12 08: 26: 32

Fig. 16 Glider trial in the pool: (a) glider descending;
(b) glider ascending

motors and solenoid valve. Improvement in the solu-
tion is underway by shielding treatment of the dis-
turbing magnetic devices. Pool trials indicated that
most modules of our glider functioned well in water
and the glider was capable of serving as a sensor
platform for ocean sampling with some necessary
improvements. Next, more trials will be carried out in
deep water to have a better understanding of glider
operating characteristics.

6 Conclusions

The ZJU glider was developed based on dynamic
model analysis. Theoretical analysis served as design
tools providing key design parameters for underwater
glider development. Steady flight equilibrium analy-
sis gave the varied range of moving mass location for
pitch control and the varied vehicle volume for
buoyancy control; a stability analysis was made to
discuss the relationship between the stability of glider
motion and the location of glider wings and rudder by
root locus investigation of glider longitudinal- and
lateral-directional dynamics, respectively. There is a
tradeoff between glider motion stability and control
authority according to the specific glider mission
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Fig. 17 Measurements of glider motion during pool trials:
(a) varied volume of the bladder; (b) glider attitude;
(c) glider path

requirements. Based on theoretical analysis, the de-
velopment of the ZJU glider was carried out. The
prototype is composed of several functional modules
including mechanical structure, a buoyancy control
module, an attitude control module, electrical hard-
ware, and PC interface software. Conventional
structural calculation was used to determine the size
and material of mechanical structure, and the strength
of the chosen mechanical structure was validated by
pressure test in the hyperbaric chamber. The feasibil-
ity of the buoyancy control module was first checked
by AMESim simulation, and the performance of this
module was validated by a special type of pressure
test we designed, with which the most efficient motor
speed for actuation was obtained. Besides, the re-
sponse performance of the buoyancy control system
at this speed was investigated. Lastly, preliminary
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pool trials of the ZJU glider were introduced, and the
prototype worked well during the pool trials. Glider
trials in deeper water will be carried out next to make
sure that the vehicle can be finally deployed in the
East China Sea serving as an ocean observatory
platform. Our ongoing research is focused on devel-
oping an effective algorithm for glider motion control
and path planning, especially under the effect of un-
steady or non-uniform currents.
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