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A B S T R A C T
Underwater gliders provide an effective, low-cost method for sampling the

ocean over large spatial and temporal scales. In this paper, we present a series of

theoretical analyses to provide guidelines for vehicle design, which are used to

develop a coastal 200-m-depth underwater glider known as the Zhejiang University

(ZJU) glider. The ZJU glider uses a longitudinally actuated moving mass for pitch

control and a rudder for turning control. Computational methods and analytical ap-

proaches are chosen to solve the viscous and inviscid terms of glider hydrodynam-

ics, respectively. Steady flight equilibrium analysis gives the varied range of moving

mass location for pitch control and varied vehicle volume for buoyancy control. Size

analysis investigates the effects of glider geometric parameters on motion perfor-

mance. For wings-level flight, we describe the variation in the maximum lift-to-drag

ratio corresponding to a given vehicle size and speed. For turning motion, we inves-

tigate the manner in which the turning performance varies with vertical rudder con-

figuration. Stability analysis determines the relationship between the stability of

glider motion and the locations of the glider wings and rudder. Pool trials indicate

that the ZJU glider functions well in water and is capable of serving as a sensor platform

for ocean sampling.
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Introduction

Underwater gliders are autono-

mous vehicles that move vertically by

controlling buoyancy and horizontally

by using wings. Since first envisioned

by Stommel (1989), underwater gliders

have received increasing attention

worldwide and have become appealing

sensor platforms for ocean observation

(Rudnick et al., 2004). These vehicles

provide an effective, low-cost method

for sampling the ocean over large spa-

tial and temporal scales. The first gen-

eration of underwater gliders has

played a remarkable role in ocean sam-

pling, including three legacy gliders:

Slocum (Webb et al., 2001), Seaglider

(Eriksen et al., 2001), and Spray

(Sherman et al., 2001). Research and

development on underwater gliders

in China started at the beginning of

this century (Wang & Wang, 2009),

and several types of underwater gliders

have been developed thus far. Shenyang

Institute of Automation developed the

Sea-Wing underwater glider with an

operational depth of 1,200 m, which

was designed for the application of

deep-sea environment variable obser-

vation (Yu et al., 2011, 2013; Zhang

et al., 2013). Tianjin University devel-

oped an experimental model of under-

water glider propelled by environ-

mental energy (Wang & Wang, 2009).

The university also fabricated a hybrid-

driven underwater glider named Petrel,

which combines the features of legacy

underwater gliders and conventional

autonomous underwater vehicles

(Wang et al., 2011). As the underwater

glider is a technology undergoing ac-

tive and rapid development, substantial

theoretical analysis has been conducted

on glider dynamics (Graver, 2005;

Mahmoudian et al., 2010; Wang

et al., 2011), performance, and stability

(Jenkins et al., 2003; Yu et al., 2013) as

well as motion control (Hussain et al.,

2011; Leonard & Graver, 2001;

Mahmoudian & Woolsey, 2008) and

path planning (Mahmoudian, 2009;

Mahmoudian et al., 2010). Glider ge-

ometry determines its hydrodynamic

characteristics, having critical effects

on glider dynamics, which in turn af-

fects the performance and stability of

glider motion. However, few system-

atic theoretical studies provide guide-

lines for glider development from this

perspective.

This paper presents a series of the-

oretical analyses to provide guidelines

for the design of a coastal 200-m-

depth underwater glider, which is

called Zhejiang University (ZJU ) glider.

These analytical methods can be

applied to other glider designs as

well. Because maneuverability is very

important for a coastal glider, and a

rudder has higher maneuverability
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than a cylindrically actuated moving

mass for turning motion, a rudder ac-

tuation scheme has been adopted for

the ZJU glider. These analyses use

the multibody dynamic model for a

glider with a longitudinally actuated

moving mass for pitch control and a

rudder for turning control, which was

derived by Fan et al. (2013). There are

various approaches that can be used

to determine the hydrodynamic coeffi-

cients of the glider for a given geometry.

In our case, we adopt the computa-

tional method and analytical approach

to obtain the viscous and inviscid co-

efficients, respectively. The theoret-

ical analysis is conducted on the basis

of the dynamic and hydrodynamic

models.

Steady flight equilibrium anal-

ysis gives the varied range of moving

mass for pitch control and the varied

volume for buoyancy control, and

size analysis investigates the effects

of glider geometric parameters on

motion performance. Because the

lift-to-drag ratio can describe the ef-

ficiency of glider flight, for wings-

level flight, we describe the variation

in the maximum lift-to-drag ratio cor-

responding to a given vehicle size

and speed. For turning motion, we

investigate the manner in which the

turning performance varies with the

vertical rudder configuration. Sta-

bility analysis determines the rela-

tionship between the stability of the

glider motion and the location of the

glider wings and rudder by root locus

investigation of glider longitudinal-

and lateral-directional dynamics,

respectively. On the basis of these

systematic theoretical analyses, the

ZJU glider is developed for serving

as an ocean observatory platform op-

erating in the East China Sea. Pre-

liminary pool trials are carried out,

which indicate that the ZJU glider

functions well in water and is capa-

ble of serving as a sensor platform for

ocean sampling.

Geometry and
Hydrodynamics

For any flight vehicle design,

it is important to understand the

relationship of vehicle geometry with

performance and stability (Pamadi,

2004). Glider geometry determines

the hydrodynamic characteristics,

which further affect the performance

and stabil ity of vehicle motion.

Glider geometric parameters are

first defined in this section. We

then introduce the ca lculat ion

methods for the viscous and inviscid

terms of ZJU glider hydrodynamics,

respectively.

Geometry and Nomenclature
Here, we consider a generic wing-

and-cylinder configuration, where the

cylindrical fuselage has diameter d and

length l. The wingspan (tip to tip) is b.

We consider an untapered wing with

a constant cross-sectional shape and

a swept angle Λ. The wing platform

area is denoted S. The mean aero-

dynamic chord length (i.e., the average

width of a rectangular wing with equiv-

alent aerodynamic properties) is c and

S ¼ b ⋅ c. An additional important

geometric parameter is the maximum

wing thickness t.

To simplify our parametric anal-

ysis, we describe the hull and wing

geometry by using several nondimen-

sional parameters including the hull

fineness ratio ( f ), the wing aspect

ratio (AR), the wingspan ratio (κ), and

wing thickness ratio (∼t).

f ¼
l

d
;AR ¼

b2

S
; κ ¼

b

d
; and ∼t ¼

t

c
:

We also consider several other con-

figuration parameters for the wing and

rudder, including wing longitudinal

position lw, vertical rudder longitudi-

nal position lv, and area of the rudder

Sv. The aerodynamic center of the

wing and the rudder, which is located

near the quarter-chord line, are elw and
elv (normalized by the fuselage length l )

aft of the center of buoyancy, respec-

tively, whereas the area of the rud-

der Sv is normalized by the fuselage

frontal area Sf. For the swept wing,

the equivalent rectangular wing is ob-

tained to determine the position of the

wing. All of the geometric parameters

that we considered are indicated in

Figure 1.

Hydrodynamic Characteristics
The hydrodynamic parameters

include inviscid terms and viscous

terms. There are several methods that

can be used to produce results for

hydrodynamic parameters based on a

given geometry, including analytical,

experimental, computational, and

semi-empirical approaches (Geisbert,

2007). The distinctions between

those methods have been discussed

by Geisbert (2007). Depending on

our needs and considering the cal-

culation methods available, we chose

a computational method based on

computational fluid dynamics (CFD)

software to determine the viscous terms

of the glider hydrodynamics, and we

used analytical approach to obtain

the inviscid terms.

Viscous Coefficients

Some CFD programs are currently

available, each having its own advan-

tages and disadvantages. For each of

these programs, a user defines a geom-

etry, generates a grid pattern over the

geometry, and applies the particular

algorithm developed for that CFD
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program (Geisbert, 2007); after data

postprocessing, the viscid coefficients

can be determined. In Zhang et al.

(2013), the hydrodynamic coefficients

of the Sea-Wing underwater glider are

computed by using CFD software

CFX, in which the simulation and

data analysis procedures are based on

dimensional hydrodynamic forces ex-

pressed in the current frame, and a

ring-shaped fluid volume was assumed

to rotate around the center of the ring

to simulate the turning motion. Con-

sidering its familiarity, we used another

CFDpackage FLUENT to solve for the

viscous coefficients of the ZJU glider.

In the simulation, the hydrodynamic

forces were nondimensionalized and

were expressed in the body frame. For

glider roll, pitch, and yaw, a rotating

reference frame was used to simulate

these rotational motions by activating

the moving reference frame model in

FLUENT. Therefore, the simulation

required only resetting the rotational

velocity and the rotation axis origin

when the rotational speed changed,

without the need to regrid the fluid

domain, which saved time and effort.

The detailed solving methods are pre-

sented as follows:

(1) Computation model

Figure 2 gives the geometry of the

ZJU glider in the design phase. Table 1

shows the geometry parameters, which

are the fundamental data used to deter-

mine the hydrodynamic coefficients.

(2) Grid mesh method

The computational domain and

mesh are shown in Figure 3. The

fluid domain is set as 4l × 4l × 6l,

where l is the full length of glider

fuselage. To reduce the number of

grids, we adopted the technique of

local grid refinement for the key parts

of the model, such as the wing and

rudder, in which a C-O-type struc-

tured grid was constructed within the

entire computational domain. In ad-

dition, we used an algebraic multi-

grid to accelerate the convergence of

computation.

(3) Computational methodology

Governing equations:

The present simulation is based

on solving Navier-Stokes equations

by using the computational program.

A second-order upwind solver was

adopted along with the SIMPLE

algor i thm for pressure-ve loci ty

coupling. The governing equations

FIGURE 1

Geometric parameters of the underwater glider model.

FIGURE 2

ZJU glider geometry.

TABLE 1

Geometry parameters of the ZJU glider.

Fuselage full length l (m) 1.940

Fuselage diameter D (m) 0.222

Wing chord c (m) 0.2

Wing wingspan (m) 0.536

Rudder chord (m) 0.2

Rudder semi-wingspan (m) 0.180

Velocity 0.400 m/s
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for viscous incompressible flow include the continuity equation and the momentum conservation equation, which are

given by

∂ui
∂xi

¼ 0 ð1Þ

∂ui
∂t
þ

∂

∂xj
uiuj
! "

¼ $
1

ρ

∂p

∂xi
þ ν

∂

∂xj

∂ui
∂xj
þ
∂uj

∂xi

# $
ð2Þ

where ui (i = 1, 2, 3) are the velocity components in the direction of three coordinate axes, xi (i = 1, 2, 3) are the coordinate

components in the direction of three coordinate axes, p is the pressure, ρ is the density of fluid, ν is the kinematic viscosity,

and t is the time.

Turbulence model:

Because the governing equations are not closed, it is necessary to establish a turbulence model to make the governing

equations solvable. Our calculation experiences indicate that the RNG k − ɛ and SST k − ω are the most accurate models

for solving the force derivatives and moment derivative, respectively.

Boundary condition:

The velocity of gliding is taken as the incoming flow for the inlet boundary condition, in which we have vin = v. The

pressure outlet was adopted for the outlet boundary.

(4) Data postprocessing

After numerical calculation, the computed forces and moments of fluid acting on the glider can be expressed in the body-

fixed frame. By linear derivative regression, we can obtain the nondimensional coefficients of those forces and moments. The

following expressions with nondimensional quantities provide definitions of viscous effects. These definitions largely follow

the notational convention for aircraft (Nelson, 1989; Pamadi, 2004). We choose 0.5ρV 2l 2 and 0.5ρV 2l 3 as the dimension-

less factors to nondimensionalize the viscous forces and moments as

X ′ ¼
X

0:5ρV 2l2
Y ′ ¼

Y

0:5ρV 2l2
Z ′ ¼

Z

0:5ρV 2l2

K ′ ¼
K

0:5ρV 2l 3
M ′ ¼

M

0:5ρV 2l 3
N ′ ¼

N

0:5ρV 2l3

X ′ ¼ CX αð Þ ¼ C 0
X þ Cα

Xα
2 K ′ ¼ CK ðβ; p; δ rÞ ¼ Cβ

Kβþ C
p
K pþ Cδ

K δ r

Y ′ ¼ CY β; δ rð Þ ¼ Cβ
Y βþ C δ

Y δ r M ′ ¼ CM ðα; qÞ ¼ Cα
Mαþ C

q
Mq

Z ′ ¼ CZ αð Þ ¼ Cα
Zα N ′ ¼ CN β; r; δ rð Þ ¼ Cβ

Nβþ C r
N r þ Cδ

N δ r

FIGURE 3

Computational domain and mesh distribution.
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where p; q; r are dimensionless angular velocity of glider, which is defined as p ¼
pl

V
; q ¼

ql

V
; r ¼

rl

V
. The computed vis-

cous coefficients of the ZJU glider are listed in Table 2.

Actually, the hydrodynamic forces and moments are generated in the “current” reference frame, and it is convenient to

have an insight into glider flight characteristics by expressing hydrodynamic forces in this reference frame. Let α = arctan(w / u)

denote the vehicle’s “angle of attack,” and let β ¼ arcsin v=jjvjjð Þ denote the “sideslip angle.” The current frame is related to

the body frame through the proper rotation matrix (Etkin & Reid, 1996)

RBC α;βð Þ ¼ e$be2αebe3β:

Then, we can write

D
SF
L

0
@

1
A ¼

1

2
ρV 2l 2

CD αð Þ
CSF β; δ rð Þ
CL αð Þ

0
@

1
A ¼ RBC

X
Y
Z

0
@

1
A

where D, SF, and L are the drag, sideslip, and lift forces in the current frame, respectively. Referring to Graver (2005) and

Bhatta (2006), the corresponding hydrodynamic coefficients can be expressed as

CD αð Þ ¼ C0
D þ KdCL αð Þ2; CSF β; δ rð Þ ¼ Cβ

SFβþ Cδ
SFδ r ; CL αð Þ ¼ Cα

L α:

The coefficients in these expressions are also listed in Table 2.

Inviscid Coefficients

In terms of the inviscid hydrodynamic coefficients, they are the components of the generalized added inertia matrix.

According to SNAME notation (Fossen, 1995), the generalized added inertia matrix is

Mf ¼
M f CT

f

C f J f

* +
¼ $

Xu̇ Xv̇ Xẇ Xṗ Xq̇ Xṙ

Yu̇ Yv̇ Yẇ Yṗ Yq̇ Yṙ
Zu̇ Zv̇ Zẇ Zṗ Zq̇ Zṙ

Ku̇ Kv̇ Kẇ Kṗ Kq̇ Kṙ

Mu̇ Mv̇ Mẇ Mṗ Mq̇ Mṙ

Nu̇ Nv̇ Nẇ Nṗ Nq̇ Nṙ

0
BBBBBB@

1
CCCCCCA

where the component submatricesMf, Jf, and Cf represent added mass, added inertia and hydrodynamic coupling between

the translational and rotational motion of the rigid body, respectively (Fossen, 1995). Due to the symmetry of the glider and

considering the mainly effective terms, the generalized added inertia matrix turns out to be

Mf ¼
M f CT

f

C f J f

* +
¼ $

Xu̇ 0 0 0 0 0
0 Yv̇ 0 0 0 Yṙ
0 0 Zẇ 0 Zq̇ 0
0 0 0 Kṗ 0 0
0 0 Mẇ 0 Mq̇ 0
0 Nv̇ 0 0 0 Nṙ

0
BBBBBB@

1
CCCCCCA

where Yṙ ¼ Nv̇ and Zq̇ ¼ Mẇ describe the asymmetric effects of the vertical rudder.
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The inviscid coefficients of the ZJU glider are determined by potential flow

theory (Lewandowski, 2004). Analytical solutions are available for ellipsoids (in

terms of elliptic integrals) and for a variety of simple two-dimensional shapes;

two approximate methods are widely used to obtain values for the ellipsoid

hull: themethod of the “equivalent ellipsoid” and “strip theory.”The contribution

of appendages is generally computed separately and added to the hull contribu-

tion. In our case, the hull of glider is approximately regarded as a spheroid, and the

appendages are approximately taken as the flat plates. Omitting the details of the

calculation, the inviscid coefficients of the ZJU glider are shown in Table 3.

Performance and Stability
This section present a series of theoretical analyses based on glider dynamic and

hydrodynamic models to provide guidelines for glider design.

Steady Flight Equilibrium Analysis
The purpose of this analysis is to obtain the basic parameters for glider design,

which are the varied range of moving mass location rpx
! "

for pitch control and the

range of the volume of the ballast system Vb

! "
. A numerical trim solver based on

Matlab’s fsolve subroutine was developed to calculate the steady flight equilibrium.

Based on the desired steady motion parameters (speed, pitch angle, or heading

angle), the numerical trim solver determines the required inputs for actuation,

including the moving mass and rud-

der location, and the varied volume

of the ballast system. The hydro-

dynamic coefficients used in the solver

were obtained in Hydrodynamic

Characteristics.

In our case, the moving mass for

pitch control (mp) is 8 kg, which was

initially set at 0.45 m fore of the cen-

ter of vehicle buoyancy; themass of the

buoyancy control module (mb) is 6 kg,

which was initially set at 0.6 m aft of

the center of vehicle buoyancy; and

the mass of glider rigid body (mrb) is

50 kg, in which the center of mass is

located 0.025 m vertically under the

center of vehicle buoyancy. Tables 4

and 5 give two sets of wings-level equi-

libriums during glider descent. As

noted in Table 4, for the same gliding

speed V = 0.2 m/s, when the pitch

angle θ changes from −5° to −45°, the

location of the moving mass rpx varies

from 466.4 to 606.9 mm, and the

amount of volume variation
∼

Vb varies

from −208.4 to −48.7 ml. As shown

in Table 5, for the same pitch angle

θ = −35°, which is typically the maxi-

mumhorizontal velocity flight condition

of glider motion (Graver, 2005), when

TABLE 3

Inviscid coefficients of the ZJU glider.

Notation Value

Xu̇ −1.502

Yv̇ −50.555

Zẇ −74.702

Kṗ −4.415

Mq̇ −9.637

Nṙ −11.748

Yṙ 3.300

Zq̇ −6.433

Mẇ −6.433

Nv̇ 3.300

TABLE 2

Viscous coefficients of the ZJU glider.

Notation Value (×10−3)

C0
X −4.46

Cα
X 201.64

C β
Y −22.40

C δ
Y −0.26

Cα
Z −254.53

C β
K −1.28

C
p
K −5.99

C δ
K −0.02

Cα
M −5.49

C
q
M −4.92

C β
N −6.74

C r
N −7.69

C δ
N 0.12

Cα
L −253.17

C0
D −4.44

Kd 0.84

May/June 2014 Volume 48 Number 3 93



the gliding speed V changes from 0.05

to 0.4 m/s, the required amount of

volume variation
∼

Vb varies from −3.7

to −236.9 ml, whereas the location

of the moving mass rpx does not

change significantly, from 559.5 to

562.6 mm. Because wings-level equi-

libriums are symmetrical for glider

descent and ascent motions, on the

basis of numerical calculation of wings-

level descent equilibrium, we chose

rpx= ±200 mm and Vb= ±250 ml as

our design parameters for glider

development; thus, the maximum

pitch angle of 50° and the maximum

gliding speed of 0.4 m/s can be

achieved.

Size Analysis
A vehicle’s geometry determines its

performance, which further affects the

performance of the vehicle. The size

analysis takes both the wings-level

flight and turning motion into consid-

eration. Because the lift-to-drag ratio

can describe the efficiency of glider

flight, for wings-level flight, the effect

of various geometric parameters on

the speed at a minimum glide angle

(also called the “speed to fly”) and

the maximum lift-to-drag ratio are

considered. We focused on a few key

parameters such as hull length, fine-

ness ratio, wing aspect ratio, and wing-

span ratio. For turning motion, we

investigated the manner in which the

turning performance varies with the

vertical rudder configuration, such as

the location and size of the rudder.

Wings-Level Flight

Referring to Fan and Woolsey

(2013), for flight at the shallowest

descent angle, the parameters CD, CL,

and Rel are

CDmd
¼ 2CD0

;

CLmd
¼

ffiffiffiffiffiffiffiffi
CD0

Kd

r
and Relmd

¼
Vmdl

ν
:

At this flight condition, the maxi-

mum lift-to-drag ratio can be given by

L

D
¼

CLmd

CDmd

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4KdCD0

s
ð3Þ

As CD0 depends on the Reynolds

number (Hoerner, 1965; Stengel,

2004), it varies with speed and length.

On the basis of equation (3), we pres-

ent a series of surface plots of the vari-

ation in the maximum lift-to-drag ratio

based on the following ZJU glider pa-

rameter values:

l ¼ 1:6m; m ¼ 64 kg; AR ¼ 6:5;

κ ¼ 6; f ¼ 7; and ∼t ¼ 0:12:

Figure 4 gives variations in the

maximum lift-to-drag ratio of a 64-kg

glider, which is a function of mini-

mum glide angle speeds and one of

the four geometric parameters l, AR,

κ, or f, whereas the nonvarying param-

eters take the nominal values given

previously. The apparent discontinu-

ities in the plot are due to the transition

between laminar and turbulent flow.

TABLE 4

Wings-level equilibriums with fixed gliding velocity (V = 0.2 m/s).

θ (°) rpx mmð Þ α (°)
∼

V b mlð Þ

−5 466.4 5.89 −208.4

−10 479.5 4.22 −151.4

−15 493.4 3.17 −116.0

−20 508.1 2.48 −93.3

−25 523.9 2.00 −78.0

-30 541.1 1.64 −67.2

−35 560.2 1.38 −59.2

−40 581.8 1.15 −53.3

−45 606.9 0.97 −48.7

−50 636.8 0.82 −45.1

TABLE 5

Wings-level equilibriums with fixed pitch angle (θ = −35°).

V (m/s) rpx mmð Þ α (°)
∼

V b mlð Þ

0.05 559.5 1.38 −3.7

0.1 559.6 1.38 −14.8

0.15 559.9 1.38 −33.3

0.2 560.2 1.38 −59.2

0.25 560.6 1.38 −92.5

0.3 561.2 1.38 −133.3

0.35 561.8 1.38 −181.4

0.4 562.6 1.38 −236.9
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As can be seen in the figure, to increase the lift-to-drag ratio for a givenminimum glide angle speed within a given flow regime

(laminar or turbulent), the hull length l, wing aspect ratio AR, wingspan ratio κ, and hull fineness ratio f should be increased.

However, it is better to decrease the hull fineness ratio f to obtain a higher lift-to-drag ratio when Vmd is more than 0.2 m/s.

Turning Motion

In this section, we investigate the relationship between the turning performance and the vertical rudder configuration to pro-

vide guidelines for our vehicle design. Through simulation based on given vehicle dynamic models with chosen parameter values,

numerical results of turning motions can be investigated. However, this numerical method could not present general conclusions

about the relationship between parameter values and turning motion characteristics (Mahmoudian et al., 2010). In order to solve

this problem,Mahmoudian et al. presented an approximate analytical expression for steady turningmotion, whichwas derived by

applying regular perturbation theory to a vehicle dynamicmodel. The analysis assumed that the glider turning was controlled by a

lateral moving mass actuator. Because the ZJU glider is designed to turn by a rudder, we rederived the steady turning flight

approximation by using the same method. In the process, a nominal, wings-level equilibrium flight condition was given at

speed V0 and pitch angle θ0, at some corresponding angle of attack α0, and the rudder deflection angle δr was set to zero so

that the roll angle φ and the sideslip angle β were both zero. Then, we held the pitch angle θ0 unchanged and exerted a pertur-

bation on the steady wings-level flight so that the body angular velocity vectorω was vertical with a small magnitude ɛωn, where

ωn¼
ffiffiffiffiffiffiffi
g=l

p
is defined as the characteristic frequency and ɛ denotes the perturbation parameter.When ɛ = 0, the glider performed

steady gliding in the vertical plane; when ɛ ≠ 0, the relationship between the glider parameters and ɛ can be described as

V ¼
P
n
Vnɛ

n ¼ V0 þ ɛV1 þ ɛ
2V2 þ ⋯ η ¼

P
n
ηnɛ

n ¼ η0 þ ɛη1 þ ɛ
2η2 þ ⋯

α ¼
P
n
αnɛ

n ¼ α0 þ ɛα1 þ ɛ
2α2 þ ⋯ ϕ ¼

P
n
ϕnɛ

n ¼ ɛϕ1 þ ɛ
2ϕ2 þ ⋯

β ¼
P
n
βnɛ

n ¼ ɛβ1 þ ɛ
2β2 þ ⋯ δ r ¼

P
n
δ rnɛ

n ¼ ɛδ r1 þ ɛ
2δ r2 þ ⋯

FIGURE 4

Variations of maximum lift-to-drag ratio with given minimum glide angle speeds and sizes. (a) Variation of maximum lift-to-drag ratio with Vmd and l.

(b) Variation of maximum lift-to-drag ratio with Vmd and AR. (c) Variation of maximum lift-to-drag ratio with Vmd and κ. (d) Variation of maximum lift-

to-drag ratio with Vmd and f.
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To obtain the parameter of steady turning motion, we substituted these equations into the dynamic equations and set the

dynamic equations to zero. After some algebraic operations, we can find that

V & V0; φ & ɛφ1;
α & α0; β & ɛβ1;
η & η0; δ r & ɛδ r1;

where φ1, β1, and δr1 are explicitly given as

δr1 ¼ ðωnððl
2ðCβ

N lVNBη0 −C
β
Ymbrb0 −C

β
Ymprp0Þρþ 2VNBη0ðX u̇ −Y v̇ Þ cos α0Þð2C

β
Y l

2ðM ẇ þ N v̇ Þρ cos θ0 sin α0
þ 2 cos α0 cos θ0ðl

2ðCβ
Ymrbrrb0 þ C

β
K l mþ X u̇ð ÞÞρþ 2ðmþ X u̇ÞðY v̇ −ZẇÞ sin α0Þ

þ ð−Cp
KC

β
Y l

6ρ2 þ 2l2ðCβ
Ymrbrrb0 þ C

β
K l mþ Zẇð ÞÞρ sin α0 þ 4ðY v̇ −ZẇÞðmþ ZẇÞðsin α0Þ

2 sin θ0Þ

− ðl2ðCβ
K lVNBη0 þ C

β
Ymrbrrb0Þρþ 2VNBη0ðY v̇ −ZẇÞ sin α0ÞðC

β
Y l

2ρððCr
N l

4ρ−2ðN v̇ þ mbrb0 þ mprp0Þ cos α0Þ cos θ0
þ 2 M ẇ −mbrb0 −mprp0

! "
sin α0 sin θ0Þ þ 2ðCβ

N l
3ρþ 2ðX u̇ −Y v̇ Þ cos α0Þððmþ X u̇Þ cos α0 cos θ0

þ mþ Zẇð Þ sin α0 sin θ0ÞÞÞÞ=ð−C
β
Y l

4V 0ρ
2ðl3ðCδ

KðC
β
N lVNBη0 −C

β
Ymbrb0 −C

β
Ymprp0Þ

−C
β
K Cδ

N lVNBη0 −C
δ
Ymbrb0 −C

δ
Ymprp0

! "
þ ð−Cδ

NC
β
Y þ C

β
NC

δ
Y Þmrbrrb0Þρþ 2ðCδ

K lVNBη0
þ Cδ

Ymrbrrb0Þ X u̇ −Y v̇ð Þ cos α0 − 2ðC
δ
N lVNBη0 −C

δ
Ymbrb0 −C

δ
Ymprp0ÞðY v̇ −ZẇÞ sin α0ÞÞ; ð4Þ

φ1 ¼ ðV 0ωnð4ð−C
δ
Ymrbrrb0 þ Cδ

K l mþ X u̇ð ÞðX u̇ −Y v̇ Þðcos α0Þ
2 þ 2l3ρ sec θ0 sin α0ððC

δ
NC

β
Y ðM ẇ þ N v̇ Þ

−Cδ
Y ðC

β
N M ẇ þ N v̇ð Þ þ Cr

N lð−Y v̇ þ ZẇÞÞÞ cos θ0 þ ððC
δ
NC

β
Y −C

β
NC

δ
Y Þmrbrrb0 þ Cδ

KðC
β
Y ð−M ẇ þ mbrb0 þ mprp0Þ

þ C
β
N l mþ Zẇð ÞÞ−Cβ

KðC
δ
Y ð−M ẇ þ mbrb0 þ mprp0Þ þ Cδ

N lðmþ ZẇÞÞÞ sin θ0 −4ðY v̇ −ZẇÞðC
δ
Y ð−M ẇ þ mbrb0 þ mprp0Þ

þ Cδ
N l mþ Zẇð ÞÞðsin α0Þ

2 tan θ0 þ l7ρ2ð−Cδ
KC

r
NC

β
Y þ C

β
KC

r
NC

δ
Y þ C

p
Kð−C

δ
NC

β
Y þ C

β
NC

δ
Y Þ tan θ0Þ

þ 2 cos α0ðl
3ððCδ

NC
β
Y −C

β
NC

δ
Y Þmrbrrb0 þ Cδ

KðC
β
Y ðN v̇ þ mbrb0 þ mprp0Þ þ C

β
N lðmþ X u̇Þ

− C
β
KðC

δ
Y N v̇ þ mbrb0 þ mprp0
! "

þ Cδ
N lðmþ X u̇ÞÞÞρ− 2ðC

δ
Y ðM ẇðX u̇ −Y v̇ Þ þ N v̇ ðX u̇ −ZẇÞ

þ mbrb0 þ mprp0
! "

ðY v̇ −ZẇÞÞ þ Cδ
N lðmþ X u̇ÞðY v̇ −ZẇÞÞ sin α0 þ ðX u̇ −Y v̇ ÞðC

p
KC

δ
Y l

4ρ

þ 2ð−Cδ
Ymrbrrb0 þ Cδ

K l mþ Zẇð Þ sin α0 tan θ0ÞÞÞ=ð2gðl
3ðCδ

KðC
β
N lVNBη0 þ C

β
Ymbrb0 þ C

β
Ymprp0Þ

−C
β
K Cδ

N lVNBη0 þ Cδ
Ymbrb0 þ Cδ

Ymprp0
! "

þ ðCδ
NC

β
Y −C

β
NC

δ
Y Þmrbrrb0Þρþ 2ðCδ

K lVNBη0 −C
δ
Ymbrb0ÞðX u̇ −Y v̇ Þ cos α0

− 2 Cδ
N lVNBη0 þ Cδ

Ymbrb0 þ Cδ
Ymprp0

! "
ðY v̇ −ZẇÞ sin α0ÞÞ; ð5Þ

β1 ¼ −ðωnðcos θ0ðC
r
N l

4 Cδ
K lVNBη0 þ Cδ

Ymrbrrb0
! "

ρþ 2ðCδ
K lð−VNBη0ðN v̇ þ mbrb0 þ mprp0Þ þ ðmbrb0 þ mprp0Þðmþ X u̇ÞÞ

þ mrbrrb0ð−C
δ
YN v̇ þ Cδ

N l m−VNBη0 þ X u̇ð ÞÞÞ cos α0 −2ðM ẇ þ N v̇ ÞðC
δ
N lVNBη0 −C

δ
Ymbrb0 −C

δ
Ymprp0Þ sin α0Þ

þ ðCp
K l

4 Cδ
N lVNBη0 −C

δ
Ymbrb0 −C

δ
Ymprp0

! "
ρþ 2ðCδ

K lðVNBη0ðM ẇ −mbrb0 −mprp0Þ þ ðmbrb0 þ mprp0Þðmþ ZẇÞÞ

þ mrbrrb0ðC
δ
YM ẇ þ Cδ

N l m−VNBη0 þ Zẇð ÞÞÞ sin α0Þ sin θ0ÞÞ/ðV 0ðl
3ðCδ

KðC
β
N lVNBη0 −C

β
Ymbrb0

− C
β
Ymprp0Þ −C

β
K Cδ

N lVNBη0 −C
δ
Ymbrb0 −C

δ
Ymprp0

! "
þ ð−Cδ

NC
β
Y þ C

β
NC

δ
Y Þmrbrrb0Þρþ 2ðCδ

K lVNBη0
þ Cδ

Ymrbrrb0Þ X u̇ −Y v̇ð Þ cos α0 − 2ðC
δ
N lVNBη0 −C

δ
Ymbrb0 −C

δ
Ymprp0ÞðY v̇ −ZẇÞ sin α0ÞÞ: ð6Þ

Because turning motions can be parameterized by the rudder deflection angle (δr), the glider roll angle (φ), and the sideslip

angle (β), equations (4), (5), and (6) give the approximate expressions of turning motion, on the basis of which, we can inves-

tigate the relationship between the turning capability and the vertical rudder configuration (rudder longitudinal position lv and

the area of rudder Sv). Although the rudder configurations lv and Sv do not appear explicitly in equations (4), (5), and (6), they do

influence turning performance by affecting the hydrodynamic coefficients, such asCβ
Y ;C

δ
Y ;C

β
K ;C

p
K ;C

δ
K ;C

β
N ;C

r
N ;C

δ
N . Related

explicit expressions have been reported by Nelson (1989).

To determine the manner in which the rudder configuration affects the turning capability, we examined the variations

of the first-order sensitivities δr1, φ1, and β1 with lv and Sv for a given turn rate. The approximate values of δr, φ, and β can

be calculated by multiplying the parameters δr1, φ1, and β1 by the perturbation parameter ɛ, which is proportional to the
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turning rate. Figure 5 shows the plots

generated by equations (4), (5), and

(6), in which the steady wings-level

equilibrium is V0 = 0.4 m/s, θ0 =

34.1°, and α0 = 1.4°. As can be seen

in the figure, when lv or Sv is small,

a smaller rudder deflection angle is

needed to finish a given steady turn

rate, suggesting that a smaller lv or Sv
yields greater turning ability. We used

a 0.01-rad/s turn rate for example, in

which the corresponding variations

of δr , φ, and β with lv and Sv are pre-

sented in Figure 6. Considering the

turning control authority as well as

the stability discussed in Stability

Analysis, we chose Sv = 0.038 m2 and

lv = 1.072 m as the rudder configura-

tion. The turning parameters of the

ZJU glider with the chosen rudder

configuration are marked by green

crosses in Figure 6. The figure shows

that the turning capability of the ZJU

glider is acceptable with the chosen

ruder configuration.

Stability Analysis
A glider’s geometry not only affects

glider flight performance but also has

an effect on the stability of glider

motion. Fan and Woolsey (2013) ex-

amined the effects of glider geometry

on motion stability by root locus anal-

ysis. In their study, however, glider

turning motion was achieved by roll-

ing. Considering a glider with a rudder

for turning control, we adopted the

same procedure to investigate the effects

of glider design parameters on glider

motion stability to determine these

design parameters.

Eigenmode Analysis

To investigate the natural modes

and stability of the glider motion, we

assumed that the glider operates

under certain steady flight conditions,

and then we linearized the dynamic

equations about this equilibrium point. Specifically, the case of steady flight at

maximum horizontal speed was considered. By using the same steady flight equi-

librium analysis approach described in Steady Flight Equilibrium Analysis, we

obtained the equilibrium:

Veq¼0:4m=s;
∼

W eq¼ 2:3804 N;θeq¼$0:5957rad; rpx eq¼0:5041m;αeq¼0:0251 rad:

We linearized the dynamic equations about the equilibrium point. The resulting

equations can be decomposed into longitudinal and lateral-directional components

(Nelson, 1989; Schmidt, 1998), each of which is a set of four first-order equations.

Ignoring certain kinematic variables gives the equations:

Ẋ long ¼ AlongXlong þ Blongulong and Ẋ lat ¼ AlatXlat þ Blatulat

where

X long ¼ Δu;Δw;Δq;Δθ
3 4T

and X lat ¼ Δv;Δp;Δr;Δφ½ (T

FIGURE 5

Variation in turning parameters δ1, ϕ1, and β1 with lv and Sv. (a) Variation of turning parameters

with lv. (b) Variation of turning parameters with Sv.

FIGURE 6

Variation in turning parameters δ, ϕ, and β with lv and Sv. (a) Variation of turning parameters with

lv. (b) Variation of turning parameters with Sv.
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are the state matrices and ulong and ulat
are the input matrices. The elements

of the state and input matrices depend

on the steady flight condition and the

glider geometry. Tables 6 and 7 give

the eigenvalues λ and nondimensional

eigenvectors v (in amplitude and phase

form) for the state matrices Along and

Alat.

As shown in Table 6, the eigen-

values of longitudinal motion include

two real eigenvalues and a complex

conjugate pair. Examination of the

corresponding eigenvectors gives the

following characteristic modes:
■ A quickly converging angle of

attack mode.
■ A quickly converging forward speed

mode.
■ An underdamped mode involving

the pitch rate and pitch angle.

Table 7 shows that the eigenvalues

of lateral-directional motion also in-

clude two real eigenvalues and a com-

plex conjugate pair. Examination of

the corresponding eigenvectors gives

the following characteristic modes:

■ A quickly converging yaw rate

mode.
■ An underdamped mode in which

the roll rate, yaw rate, and roll

angle are strongly coupled.

Glider Stability Varied

With Geometry

Here, we examine the effects of

some glider design parameters on

glider stability by root locus analysis.

These glider design parameters include

longitudinal wing location lw, vertical

rudder longitudinal position lv, and

the area of vertical rudder Sv. Variation

of parameters lw, lv, and Sv changes the

hydrodynamic coefficients and thus

affects glider stability.

The physical and hydrodynamic

characteristics used in this analysis are

based on the data of the ZJU glider in

the design phase. Two specific flight

conditions are considered: flight at

maximum horizontal speed and flight

at minimum glide angle. Because the

stability of steady motion is affected

by vehicle speed, we fixed the flight

speed at V = 0.4 m/s to reasonably

compare different flight conditions.

For longitudinal modes, we preset

root locus plots in terms of longitudi-

nal wing location lw. Figure 7(a) shows

the root locus plots at the maximum

speed flight condition, and Figure 7

(b) shows the plots at the minimum

glide angle flight condition. In these

plots, lw varies from zero (denoted by

red circles, in which case, the wing is

aligned with the center of buoyancy)

to 0.25l (denoted by blue squares). It

can be seen in the figure that the far-

ther aft the wing is located, the more

stable the glider longitudinal dynamics

become. This result may be partly due

to the increased pitch damping.

For the lateral-directional modes,

we preset the root locus plots in

terms of lv and Sv. Figure 8(a) shows

the root locus plots in flight at maxi-

mum speed, and Figure 8(b) shows

the plots in flight at the minimum

glide angle. In these plots, lv varies

from 0.5l to l (from the stern of the

hull to a half-vehicle length aft of the

TABLE 6

Eigenvalues and eigenvectors of longitudinal motion.

Longitudinal λ1 = −1.57 λ2 = −0.12 λ3 = −0.01 + i λ4 = −0.01 − i

Δu v11 = 0.08∠0° v21 = 1∠180° v31 = 0.02∠47.3° v41 = 0.02∠−47.3°

Δw v12 = 1∠180° v22 = 0.05∠0° v32 = 0.1∠−43.5° v42 = 0.1∠43.5°

Δq v13 = 0.45∠0° v23 = 0.003∠180° v33 = 1∠0° v43 = 1∠0°

Δθ v14 = 0.28∠180° v24 = 0.03∠0° v34 = 0.99∠−90.7° v44 = 0.99∠90.7°

TABLE 7

Eigenvalues and eigenvectors of lateral-directional motion.

Lateral λ1 = −0.32 + 0.94i λ2 = −0.32 − 0.94i λ3 = 0.25 λ4 = −0.59

Δv v11 = 0.24∠−100.1° v21 = 0.24∠100.1° v31 = 0.52∠0° v41 = 0.51∠0°

Δp v12 = 0.87∠26.7° v22 = 0.87∠−26.7° v32 = 0.06∠180° v42 = 0.13∠0°

Δr v13 = 1∠180° v23 = 1∠180° v33 = 1∠180° v43 = 1∠0°

Δϕ v14 = 0.89∠−82.2° v24 = 0.89∠82.2° v34 = 0.22∠180° v44 = 0.22∠180°
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stern). It can be seen in the figure that

the farther aft the vertical rudder is lo-

cated, themore stable the glider lateral-

directional dynamics become. This

result may be due to increased yaw

stiffness and damping. Figure 9(a)

shows root locus plots at the maximum

speed flight condition, and Figure 9(b)

shows the plots at the minimum glide

angle flight condition, all in terms of

the parameter Sv. In these plots, Sv var-

ies from half of the hull frontal area to

1.5 times the hull frontal area. It can be

seen in the figure that the larger the

rudder area, the more stable the glider

lateral-directional dynamics become

because of increased yaw stiffness and

damping.

From the aforementioned results,

we have clarified how to determine

the design parameters to enhance glider

stability. However, greater stability

implies that greater control authority

is required to affect a maneuver such

as a turn. Considering the turning

motion analysis described in Turning

Motion, the following design param-

eters were chosen for glider develop-

ment: lw = 0.152 m, Sv = 0.0.38 m2,

and lv = 1.072 m. The eigenvalues

with the glider design parameters are

also marked by green crosses in Fig-

ures 7, 8, and 9.

Pool Trials
Theoretical analysis provides guide-

lines for the vehicle design; on the basis

of which, we completed the develop-

ment of the ZJU glider. After system

trimming, the glider prototype was

tested in a rectangular swimming

pool of dimension 50 m × 16 m and

with a maximum depth of 3.5 m. Dur-

ing the tests, the glider communicated

with an onshore control computer

FIGURE 7

Root locus plots for longitudinal modes with the parameter lw. Root locus branches begin at red circles

and end at blue squares. The green crosses represent the eigenvalues of glider longitudinal dynamics

with chosen design parameters. (a) Flight at maximum speed. (b) Flight at minimum glide angle.

FIGURE 8

Root loci for lateral-directional modes with parameter lv. Root locus branches begin at red circles and

end at blue squares. The green crosses represent the eigenvalues of glider lateral-directional dynamics

with chosen design parameters. (a) Flight at maximum speed. (b) Flight at minimum glide angle.

FIGURE 9

Root loci for lateral-directional modes with parameter Sv. Root locus branches begin at red circles and

end at blue squares. The green crosses represent the eigenvalues of glider lateral-directional dynamics

with chosen design parameters. (a) Flight at maximum speed. (b) Flight at minimum glide angle.

May/June 2014 Volume 48 Number 3 99



when it appeared on the surface of the

water via radio, receiving instructions

and sending data collected by onboard

sensors. The pool trials aimed to vali-

date the performance of the glider pro-

totype, including the sawtooth motion

test and the turning motion test.

Moreover, a pitch control test was con-

ducted to investigate the relationship

between moving mass displacement

and glider pitch angle, and a buoyancy

control test was conducted to examine

the relationship between the varied

volume of the buoyancy system and

the glide speed. These experimental

results can be used as a reference for

the future design of motion control

algorithms.

Sawtooth Motion Test
The main objective of the sawtooth

motion test is to evaluate the cooperat-

ing ability of glider motion modules

for attitude and buoyancy control. In

this test, the rudder deflection angle

was set to be zero such that the glider

moved in the vertical plane. The glider

followed an up-and-down, sawtooth

profile through the water. Figure 10

shows the glider during its descent

and ascent, which were captured by

an underwater camera.

Turning Motion Test
In the turning motion test, the

rudder deflection angle was set to 60°.

Figure 11 shows the turning motion

during ascent, which was recorded by

a camera. During the ascent, the glider

turned roughly 32° in 40 s, resulting in a

turn rate of approximately 0.014 rad/s.

This turning test validated the turning

module design of the glider.

Pitch Control Test
The pitch control test was con-

ducted to evaluate the performance of

glider pitch control and to investigate

the relationship between moving

mass displacement and glider pitch

angle. During the test, the volume

of the buoyancy control system
∼

V b

was fixed at −160 ml for descent or

160 ml for ascent, and the moving

mass location for pitch control varied.

A set of measurements was obtained,

which is represented by the red square

in Figure 12. These measurements

were compared with the numerical re-

sults calculated by the numerical trim

solver for steady flight equilibrium, as

shown by the blue curve in Figure 12.

We can find that the measured results

agree with the calculated results, which

validates the accuracy of the calculated

results of the numerical trim solver

and also indicates that the ZJU glider

is capable of the expected performance

of pitch control.

Buoyancy Control Test
The buoyancy control test was con-

ducted in order to understand the rela-

tionship between the varied volume of

the buoyancy system and the glide

speed. In the test, themovingmass dis-

placement was fixed at 32 mm for de-

scent or −32 mm for ascent. Because

inertial velocity measurements are typ-

ically unavailable for an underwater

glider, depth rate is generally used to

describe the glide speed and is used

for dead reckoning. In the buoyancy

control test, the depth rate was calcu-

lated by the onshore control computer

according to the sampling rate, and the

depth was measured by an onboard

pressure sensor. The measure data are

represented by the red square in Fig-

ure 13. The figure also includes the

numerical results of the steady flight

calculated by the numerical trim solver,

which are shown by the blue curve. It

can be seen that the experimental re-

sults agree with the calculated results,

which validates the numerical trim

solver. Moreover, the depth rate in-

creased as the varied volume of the

buoyancy control system increased,

which suggests that larger volume of

the buoyancy control system resulted

in greater glide speed.

Conclusions
Glider geometry determines its

hydrodynamic characteristics, which

further affect the vehicle performance

and stability. The geometric parame-

ters are characterized by the slender-

ness of the hull, the position and

shape of the wing, and the size and

position of the vertical rudder. The

FIGURE 10

Glider motion in the pool. (a) Glider descending. (b) Glider ascending.
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viscous and inviscid coefficients of the

ZJU glider are obtained by using the

computational method and analytical

approach, respectively.

A series of theoretical analyses is

presented to provide guidelines for ve-

hicle design. Steady flight equilibrium

analysis gives the values of operating

parameters, such as the varied range

of moving mass for pitch control and

the varied volume for buoyancy con-

trol. We investigate the relationship

of glider geometric parameters with

the vehicle’s performance and stability

characteristics.We found, for example,

that, for a glider of given mass to max-

imize the lift-drag ratio at a given min-

imum glide angle speed, one should

increase the hull length, wingspan

ratio, and wing aspect ratio and in-

crease or decrease the hull fineness

ratio carefully, depending on the re-

quired speed. By adapting a regular

perturbation approach to develop ana-

lytical expressions for steady turning

flight, we found that a smaller steering

angle is required to effect a steady turn

at a given rate when the vertical tail vol-

ume is smaller. Turning to stability, we

adopt root locus analysis to examine

the variation in longitudinal and later-

al-directional eigenvalues with changes

in wing location and vertical rudder

size and location. We determine that

the farther aft the wing is located, the

more stable the glider longitudinal dy-

namics become, due in part to the in-

creased pitch damping. The farther aft

the vertical rudder is located and the

larger the vertical rudder area is, the

more stable the glider lateral-directional

dynamics become, due to the increas-

ing yaw stiffness and damping. In-

creased stability may provide better

responses to disturbances but may

also limit control authority. Con-

sidering a tradeoff between stability

and control authority, proper design

parameters are chosen for our glider

development.

Based on the guidelines for vehicle

design provided by theoretical analysis,

we have completed the development of

theZJU glider. A series of tests in a pool

have been conducted to evaluate the

performance of the glider prototype,

FIGURE 11

Glider turning during ascent.

FIGURE 12

Pitch angle with respect to moving mass displacement.
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including the sawtooth motion test

and the turning motion test. More-

over, a pitch control test has been con-

ducted to investigate the relationship

between moving mass displacement

and glider pitch angle, and a buoyancy

control test has also been conducted to

examine the relationship between the

varied volume of the buoyancy system

and the glide speed. The results not

only validate the accuracy of the cal-

culated results of the numerical trim

solver but also indicate that the ZJU

glider is capable of the expected perfor-

mance of pitch and buoyancy control.

Pool trials indicate that ZJU glider

functions well in water and is capable

of serving as a sensor platform for

ocean sampling.

Future works include conducting

more trials to gain a better understand-

ing of glider operating characteristics

and developing effective algorithms

for glider motion control and path

planning. Moreover, on the basis of

the design of the ZJU glider, we are

developing a hybrid glider for under-

water docking (Peng et al., 2013). If

the docking station is connected to a

cabled ocean observatory (Chen et al.,

2012a, 2012b, 2013), the hybrid

gliders can be considered as additional

mobile nodes for three-dimensional

ocean observation. For future applica-

tion, a fleet of such gliders and hybrid

gliders would be used to perform adap-

tive ocean sampling in the East China

Sea, as proposed by Leonard et al.

(2010), Fiorelli et al. (2006), and Paley

et al. (2008).
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