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Abstract: An increasing number of underwater gliders have been applied to lake monitoring. Lakes have a limited vertical space.
Therefore, good space-saving capacity is required for underwater gliders to enlarge the spacing between monitoring waypoints.
This paper presents a space-saving steering method under a small pitch angle (SPA) for appearance-fixed underwater gliders.
Steering under an SPA increases the steering angle in per unit vertical space. An amended hydrodynamic model for both small and
large attack angles is presented to help analyze the steering process. Analysis is conducted to find the optimal parameters of net
buoyancy and roll angle for steering under an SPA. A lake trial with a prototype tiny underwater glider (TUG) is conducted to
inspect the applicability of the presented model. The trial results show that steering under an SPA saves vertical space, unlike that
under a large pitch angle. Simulation results of steering are consistent with the trial results. In addition, multiple-waypoint trial
shows that monitoring with steering under an SPA covers a larger horizontal displacement than that without steering.
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1 Introduction

Long-term lake monitoring, such as water col-
umn monitoring (He ef al., 2012), lake nutrient stoi-
chiometry (Li et al., 2014), lake geology (Ivanov
et al., 2013), and pollution assessment (Wang et al.,
2014), has been receiving increasing interest. The
existing approach involving using tethered sensors or
remotely operated vehicles (ROVs) from a ship (Lim
et al., 2011) is costly. Untethered autonomous un-
derwater vehicles (AUVs) or underwater robotic
fishes (Denkenberger et al., 2007) can be used for
lake monitoring, but for only several hours. Moored
probe networks (Bardyshev, 2004) are applicable.
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However, they are spatially fixed and costly deployed.
Underwater gliders are highly efficient. These gliders
are characterized by long endurance. Thus, an in-
creasing number of these underwater gliders have
been applied to long-term lake monitoring. Suberg
et al. (2014) assessed the application of an underwater
glider for plankton monitoring in shallow water.
Austin (2013a) presented the potential for underwater
gliders in lake monitoring. Underwater gliders were
used for observations in Lake Superior (Austin,
2013b). Weng et al. (2015) used an underwater glider
to measure microstructure turbulence in a lake. The
demand for underwater gliders may exist for long-
term lake applications.

To monitor water column data in lakes, an un-
derwater glider cruises between planned waypoints to
collect hydrology profile data. Two adjacent way-
points are connected by a single flight and a vertical
monitoring process (Fig. 1). A single flight is known
to include at least a steering process and a transit
flight process (Wang et al., 2009). To achieve a large
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horizontal displacement for a single flight, more ver-
tical space should be available. However, lakes al-
ways have a limited vertical space. Even worse, a
space-consuming steer process would further take up
the vertical space for transit flight. To leave more
available vertical space for transit flight, efforts have
been made to reduce the space that the steering pro-
cess occupies. A hybrid glider that combines the
features of underwater gliders and AUVs achieved
enhanced steering performance (Caffaz et al., 2010;
Peng et al., 2014). The underwater glider Slocum
steered itself with a rudder (Jones et al., 2014). A
hybrid-driven underwater glider developed by Uni-
versiti Sains Malaysia (USM) was equipped with
independently controllable wings and rudder to
achieve good maneuverability (Isa and Arshad, 2011).
A hybrid gliding robotic fish reduced the steering
radius (Zhang et al.,, 2014). Though gliders with
rudders or thrusters have enhanced maneuverability,
they may encounter some problems with long-term
lake monitoring. First, the risk of rotating sealing
failure exists when using rotatable wings or rudders.
Several Slocum gliders have detected leaks at the
rudders (Leonard et al., 2010). Second, risks may
arise when the gliders are monitoring areas with
suspended solids, such as industry wastewater. The
rotatable rudders or thrusters stir the wastewater,
potentially leading to a thruster fault (Ahmadzadeh
et al., 2014). In this situation, appearance-fixed un-
derwater gliders, which lack accessories (such as
rudders and thrusters), are more reliable. However,
few studies have been conducted to reduce the space
of the steering process occupied by appearance-fixed
underwater gliders. Considering such a research gap,
we present a space-saving steering method for
appearance-fixed underwater gliders.
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Fig. 1 Schedule diagram of lake monitoring pattern

The main objective of this paper is to present a
space-saving steering method under a small pitch
angle (SPA) for underwater gliders. Steering with an
SPA helps appearance-fixed underwater gliders steer
when occupying small vertical displacements. Thus,
this approach can save space. When an underwater
glider steers under an SPA, the direction of gravity is
perpendicular to the axis of the fuselage of the glider.
This condition would easily lead to a large attack
angle for steering, thereby limiting the increase of
axial linear velocity (Yang et al., 2014). When an
underwater glider steers with an SPA and a low axial
linear velocity, a good trade-off between the steering
traction torque and the vertical displacement can be
achieved easily.

Models have to be established first to analyze the
steering process. Geisbert (2005) presented a model
of underwater gliders. The approximate analytical
solution for steady spiraling motion was presented by
Mahmoudian et al. (2010). Zhang et al. (2013) mod-
eled the spiraling motion with a recursive algorithm.
Zhang et al. (2014) quantified the spiraling motion of
a gliding robotic fish under a pitch angle from —32.3°
to 70.8°. Cao et al. (2015) calculated the hydrody-
namic coefficients for an attack angle from —10° to
10° and analyzed the steering process under a pitch
angle of 48°. Geisbert (2007) and Chen et al. (2010)
analyzed the hydrodynamics with a maximum attack
angle of 20°, which was applied to steering analysis.
However, none of these works studied the steering
process under an SPA where large attack angles occur.
These existing hydrodynamic models somehow be-
come inaccurate under large attack angles. To obtain a
more accurate model for underwater gliders under
large attack angles, we amend the hydrodynamic
model to extend its applicability. In addition, research
has been conducted to determine the relationship
between the pitch angle, the roll angle, the net
buoyancy, and the steering performance through
simulations and experiments.

To inspect the applicability of this steering me-
thod and the accuracy of the model, a lake trial with a
prototype has to be conducted. We designed a small
prototype called the tiny underwater glider (TUG),
which can adjust the pitch angle for general gliding
and vertical ascent. Results of the trial show that this
steering method achieves a space-saving steering
process, and the model predicts the process well.
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2 Principle and prototype

Steering under an SPA aims to achieve a large
steering angle when occupying a small vertical dis-
placement as the underwater glider steers. We define
the pitch angle as small when the corresponding at-
tack angle is larger than the critical one. Lift force
would decrease when the attack angle is beyond the
critical angle. When an underwater glider steers under
an SPA, the direction of gravity is almost perpendic-
ular to the axis of the fuselage of the glider. This force
status would easily lead to a large attack angle for
steering, and limit the increase of the axial linear
velocity. As a benefit for steering, low linear velocity
induces a low drag torque, which would slow down
the steering (Wang et al., 2007). Moreover, when the
underwater glider steers with an SPA, a large attack
angle, a proper roll angle, and a good trade-off can be
achieved easily between the steering traction torque
and the vertical displacement.

When steering with an SPA, the pitch angle
should be kept close to zero, and a roll movement
should be performed according to the steering algo-
rithm. To apply the steering process with an SPA to a
single flight, the pitch angle should be first kept close
to zero for the steering process, and then changed to a
suitable value for the transit flight. Fig. 2 shows a
brief schedule diagram for the steering process with
an SPA and a traditional pitch angle of —20° (Hussain
etal., 2011).
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Fig. 2 Steering with (a) and without (b) a small pitch
angle

The platform used to inspect the applicability of
steering with an SPA and the accuracy of the model is
the TUG prototype (Fig. 3a). TUG consists of a bal-
last module, a sensor module, a gravity center ad-

justment module (GCAM), and a communication
module. The ballast module uses a through-type
motor to change the volume of the displaced water.
The communication module consists of a free-wave
communication module and a Global Positioning
System (GPS) module. The sensor part consists of an
attitude sensor (TCM-XB, developed by PNI), a gy-
roscope (3DM-KX10, developed by MARHS), a
depth sensor (developed by HUBA), and a tempera-
ture probe. GCAM consists of a linear moving plat-
form that supports two rotatable mass blocks. The
gravity center of TUG could be adjusted by GCAM in
three degrees of freedom, namely, axially linear, ra-
dially linear, and circumferentially rotatable. The
detailed structure of GCAM is shown in Fig. 3b. The
linear moving platform is driven by a through-type

Ballast module
Sensor module
Gravity center adjustment module

Communication module

Circular track

Through-type
step motor

Motor

Gear
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Fig. 3 Tiny underwater glider (a) and gravity center
adjustment module (b)
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step motor to adjust the gravity center position axially.
Each rotatable mass block rotates along the circular
track. The included angle of the two mass blocks
determines the equivalent gravity center position of
GCAM in the radial direction. When the two mass
blocks are positioned symmetrically along the axis of
the fuselage, the equivalent gravity center position of
GCAM is attached to the axis of the fuselage. Thus,
the glider could ascend or descend vertically. When
the two mass blocks move towards each other, they
cooperate as one, and work as a traditional GCAM of
underwater gliders.

The mechanical parameters of TUG are shown
in Table 1.

Table 1 Parameters of the tiny underwater glider

Characteristic Description
Length 1.2m
Diameter 0.164 m
Weight in air 18.3 kg
Communication Free wave radio and GPS navigation
Battery Lithium battery
DOFs of GCAM 3
Ballast capacity 0.276 kg

DOF: degree of freedom; GCAM: gravity center adjustment
module

3 Modeling

Kinematic and dynamic models are presented to
analyze the steering process with the presented
method.

3.1 Coordinate and kinematic model

The coordinate frame consists of three parts

(Fig. 4): inertial frame, body frame, and current frame.

Inertial frame E(i, j, k) is identical with the Earth.
The position and attitude of the glider are described as
b=[x, y, z]" and @=[¢, 6, y]", respectively. The body
frame eq(xv, Vo, 2b) 1 identical with the glider itself. It
is established at the buoyancy center. The transla-
tional and angular velocities in the body frame are
V=[V\, Vs, V3]' and 2=[p, ¢, r]", respectively. In
addition, the hydrodynamics is calculated in the cur-
rent frame 7(7;, 7>, m3), which is obtained from the
body frame by rotating around y;, by attack angle a,
and rotating around g, by sideslip angle S, where

o=arctan(V/V) and p=arcsin(V/|| V).
The change rate of b is expressed as

b=R_Y. (1)

With notations c=cos(-) and s=sin(*), Rgg is ex-
pressed as

clcy s@gsOcy —cgsy  chgsOcy +sgsy
R, =|cOsy cdcy +sgsOsy —sgcy +cgsOsy |.
—sf sgcl cpcd
2
The relationship between @ and £ is expressed
as

1 sgtand cgtand
0=|0 c¢ ¢ |Q. (3)

0 s¢gsecld cgsect

Fig. 4 Coordinate frame from the isometric view (a) and
side view (b)

3.2 Dynamic model

A dynamic model describes the relationship
between the motion and the forces on the vehicle.
Dynamic models for underwater gliders have been
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researched extensively (Zhang et al, 2013). A
dynamic model is presented as follows:

v=[V,Q7". 4)

The dynamic model in the body frame is shown
as

sz"l{—Mv+{

P-Q }

I -Q+P-v
T F
" m, g(Rgk) ; + ’
(myry +mr.)g - Rk T

where P and IT are the translational and angular
momentums mapped in the body frame, respectively,
M is the generalized inertia matrix, F and T are the
hydrodynamic forces and torques transformed to the
body frame, respectively, m, is the net weighted mass,
my, and m, are the mass of the static body and the mass
block, respectively, ry, is the eccentric offset of the
static body, and 7, is the mass block from the origin of
the body frame.

®)

4 Hydrodynamics
4.1 Hydrodynamic model

Steering under an SPA always leads to a large
attack angle. Thus, we present a hydrodynamic model
for an underwater glider which is under either a low
or a large attack angle. Attack angle is known to play
an important role in supporting the lift force for a
gliding glider. When the attack angle is smaller than
the critical angle, the lift force increases with the
attack angle. However, when the attack angle is be-
yond the critical angle, the lift force decreases when
the attack angle increases. To demonstrate this char-
acteristic, a hydrodynamic model is presented; this
model is suitable for a wide range of attack angle a
and sideslip angle . The attack angle a ranges in (0°,
90°), and the sideslip angle f ranges in (0°, 90°). The
presented model accommodates the hydrodynamics
under both a low and a large attack angle.

The hydrodynamics consists of force Fy=
[-D, —SF, —L]T and torque Ty=[Ty, T», T3]T in the
current frame. The hydrodynamic forces and torques
are expressed as

D=(Kpy, +Kya+Kp,a” +Ky,a WV,
SF=(Ky, + Ky, B+K,B )",

L=(K,+K a+K,a" )V,

I =(K,p+K;p)V,

T, = (Kygo + Kyoi@ + Koy @ V¢ + KoqV,

T = (Kyyy + Kyy B+ KMyzﬁz)Ve + K1V,

(6)

where V equals ||V]|, a, b, ¢, d, and e have a reference
value of 2, K equals zero for underwater gliders that
are symmetric along the transection plane. D, SF, and
L are caused by linear motion. Roll torque 7, is
caused by rotation. Pitch torque 7, and yaw torque
T5 are caused by linear and rotatable motion,
respectively.

The matrix Rpc (Zhang et al., 2013) is used to
map the hydrodynamics from the current frame to the
body frame:

F=R, F,, T=R,]T,. (7)

The glider would have added mass M, inertia I,
and cross term C, when it accelerates as a result of
inviscid hydrodynamics.

The added mass, added inertia, and cross term
are expressed as

I, :diag(IAD]AZ’IA})’
M, =diag(M ,,, M ,,,M,), (®)

00 0
c.=|0 0o M,|
0N, 0

4.2 Hydrodynamic coefficients

The hydrodynamic coefficients have to be cal-
culated to be applied in the hydrodynamic model.
Hydrodynamics are classified into inviscid and vis-
cous hydrodynamics. Different methods have been
used to obtain the two types of hydrodynamic coeffi-
cients. Inviscid hydrodynamic coefficients are esti-
mated by empirical equations based on the hypothesis
of inviscid fluid (Isa et al., 2014). The computational
fluid dynamics (CFD) method is used to determine
the viscous hydrodynamic coefficients. The CFD
method discretizes the simulation domain with
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meshed nodes, and uses a discretized Reynolds-
averaged Navier—Stokes (RANS) method to calculate
the coefficients. The procedure to obtain the viscous
hydrodynamic coefficients is presented below.

4.2.1 Turbulence model

The RANS equation is used for the CFD simu-
lation. Specifically, the standard k—¢ turbulence model
is used to calculate the hydrodynamic coefficients
generated by the linear motion. The standard k-
turbulence model is used to calculate the coefficients
generated by the rotatable motion.

4.2.2 Simulation setup

The simulation is operated by the software
Workbench. The simulation domain is set up by using
the combination of a cuboid and a semi-cylinder. The
cuboid volume is 3.5Lgjider4Lglider4Lgliger, and the
dimensions of the semi-cylinder are 4Lgjiqer in diam-
eter and 4Lgjiger in height (Fig. 5). The glider buoy-
ancy center and the center of the semi-cylinder over-
lap. Thus, the simulation domain can be applied to
cases with different attack and sideslip angles.

Rotation
center

Fig. 5 Simulation domain for rotatable motions

For the simulation with the k—¢ model, the
boundaries are set as follows: the inlet boundary is set
as the velocity inlet, where Vi, whose components
should be converted to the body frame, is specified
according to Table 2. The outlet boundary is set as the
pressure outlet, where the static pressure is zero; the
glider surface is set as a no-slip wall.

For the simulation with the k—w model, the
simulation domain is set to be rotatable, where the
frame motion option is selected. The angular speed of

Table 2 Parameters for computational fluid dynam-
ics simulation

Model

Parameter
[[Vined| € {0.15, 0.30} m/s
k—¢ a, e {4°,10°, 16°, 22°, 30°, 45°, 60°, 68°,
74°, 80°, 86°}
IV gligerl| € 10.15, 0.30} m/s
|@l| € {0.025, 0.050, 0.075, 0.100} rad/s

the fluid volume is @=Vyi¢er/R, Where Viiiger is the
linear velocity of the glider and R represents the ro-
tation radius. The inlet boundary is the velocity
boundary where all the velocity components are set to
zero in their relative frames. The outlet boundary is
the pressure boundary where the static pressure is set
to zero.

Hydrodynamics is analyzed in the current frame.
Thus, the analysis of different a and f can be decou-
pled. The simulation is scheduled as follows: for the
hydrodynamics generated by linear velocity, the in-
dividual values of a and f are 4°, 10°, 16°, 22°, 30°,
45°, 60°, 68°, 74°, 80°, and 86°, and the values of
|[Vined| are 0.15 and 0.3 m/s; for the hydrodynamics
generated by rotation, the values of the angular speed
|lw|| are 0.025, 0.05, 0.075, and 0.1 rad/s, and the
values of the linear velocity |[Vgiderd| at the glider
buoyancy center are 0.15 and 0.3 m/s. The simulation
parameters are listed in Table 2.

4.2.3 Data fitting

The velocity path line of linear motion under an
attack angle of 86° is shown in Fig. 6. Fig. 7 illustrates
the simulation results of forces and torques. The
simulations based on the 4~ model are used to esti-
mate the forces and torques generated by linear ve-
locity. The drag force D, lift force L, and pitch mo-
ment Mp that are mapped in the current frame are
relevant to a. The side force SF and yaw moment My
that are mapped in the current frame are relevant to £.
The drag torques around roll, pitch, and yaw axises
are relevant to the angular speed.

Fig. 7 shows that L and Mp are positively rele-
vant to a before o reaches the critical angle, which is
close to 45°. When a is beyond the critical angle, L
and Mp have a negative correlation with a. A critical
angle for f exists at approximately 45°, thereby
changing the increase rate of side force SF. Results
indicate that the model fits the observations well.



Zhu et al. / Front Inform Technol Electron Eng 2017 18(4):485-497 491

- 0.3500
0.3280
0.3060
0.2850
0.2630
0.2410
0.2190
0.1970
0.1750
0.1530
0.1310
0.1090
0.0876
0.0657
0.0438
0.0219

0
Type: velocity Z
Unit: m/s

Fig. 6 Velocity path line of linear motion under attack
angle 86°

The inviscid hydrodynamics are estimated by
using the empirical method (Isa ef al., 2014), which
uses the length and radius of the hull to estimate the
main added mass and added inertia.

The hydrodynamic coefficients of TUG are
shown in Table 3.

5 Characteristic analysis

The steering process with or without an SPA
could be simulated with the presented model and the
calculated hydrodynamic coefficients. The simulation
could help us understand how different parameters
influence the steering performance under or not under
an SPA. The net buoyancy and roll angle are ad-
dressed to find the optimal input parameters in the
case of steering under an SPA. The variable pitch
angle is addressed to elucidate how steering under an
SPA works better than that not under an SPA in a
space-saving field.

The simulation concentrates on the continuous
steering process. To quantify the space-saving effects
for different steering cases, a measurable indicator,
the steering ratio, has been introduced. The steering
ratio equals the result of dividing the steered angle by
the vertical displacement over which the glider glides.
It indicates the steered angle in unit vertical dis-
placement for an underwater glider.

An attitude closed-loop controller is used
to maintain the pitch angle and the roll angle at a

Table 3 Hydrodynamic coefficient list

Symbol Value
My diag(0.41, 8.23, 11.36) kg
N, 0.45 kg/m
Kpo 4.05 kg/m
Kp, 80.72 kg/(m-rad?)
a 1.51
Kg; —37.35 kg/(m-rad)
b 1.64
Ky, 147.05 kg/(m-rad)
c 1.77
Ko 0.29 kg
Ky —20.46 kg/rad2
d 1.86
Kyyi 1.93 kg/rad
KR —12.96 kg-s/rad
I, diag(0.09, 0.75, 0.82) kg-m®
M, 0.61 kg'm
Kpy 2.01 kg/(m-rad)
Kps -36.12 kg/(mrad’)
K 0.34 kg/m
Ks» 23.42 kg/(mrad?)
Ko 0.73 kg/m
Kis -96.54 kg/(mrad?)
Kp —7.85 kg-s/rad
Knoi 31.89 kg/rad
Ky —8.26 kg-s/rad
Kmyo 0.11 kg
Kwya 8.98 kg/rad?
e 2.11

specified value under different net buoyancies (Fan
and Woolsey, 2014). The controller is composed of a
feedforward loop and feedback loop.

Steering under an SPA aims to achieve a large
steering angle when occupying a small vertical dis-
placement as the underwater glider steers.

5.1 Simulation setup

The simulation of motion characteristics of the
TUG can be derived based on dynamic and hydro-
dynamic models using MATLAB. The nonlinear dy-
namic equations in the simulation are solved by
MATLAB ode45 subroutine.

5.2 Longitudinal comparison

Longitudinal comparison simulation is aimed to
find the optimal net buoyancy and the roll angle,
which are subject to the mechanical limit, to achieve
the highest steering ratio. In the simulation under an
SPA, the net buoyancy is set at —0.068, —0.102, and
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Fig. 7 Hydrodynamics with computational fluid dynamics results and curve fitting results: (a) drag force; (b) lift force;
(¢) pitch moment; (d) side force; (¢) yaw moment; (f) drag torque for roll; (g) drag torque for pitch; (h) drag torque for
yaw

—0.136 kg, the roll angle is set at —10°, —25°, and —40°,  (0.02, 0) m/s, and the initial rotational velocity is 0 in
and the pitch angle is set at —1°. To ensure that the  all cases.

results of different cases are comparable, each simu- Fig. 8 shows the depth and steering orientation in
lation case shares the same vertical descending  the steering process with a net buoyancy of —0.068 kg
displacement (8 m). The initial linear velocity is and a roll angle of —40°. Table 4 shows the attack
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angle and the steering ratio for each case. The attack
angle column shows that in all cases, the glider glides
with an attack angle greater than the critical angle of
45°, which means that the flights are under large at-
tack angles. The steering ratio column shows that the
steering ratio increases with the magnitude of net
buoyancy and roll angle. The highest two steering
ratio values occur in cases A-6 and A-9. Though case
A-9 scores higher than case A-6 on the steering ratio,
the gap is small compared with the extra energy that is
consumed to increase the net buoyancy for case A-9.
Thus, the parameters in case A-6 are chosen as the
optimal parameters for steering under an SPA with a
net buoyancy of —0.102 kg and a roll angle of —40°.
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Fig. 8 Simulated data for case A-3: (a) depth; (b)
steering orientation

Table 4 Simulation results of the continuous steering

process
Case Netbuoyancy Rollangle Attack  Steering
ID (kg) ©) angle (°) ratio (°/m)

A-1 —0.068 -10 81.4 7.6
A-2 —0.068 =25 76.2 17.6
A-3 —0.068 —40 73.3 39.1
A-4 —-0.102 -10 80.7 8.8
A-5 —0.102 =25 74.5 21.4
A-6 —-0.102 —40 723 433
A-7 —0.136 -10 79.1 9.2
A-8 —0.136 -25 73.7 22.9
A-9 —0.136 —40 70.8 43.7

5.3 Lateral comparison

The lateral comparison simulation is aimed to
obtain the steering ratio of TUG under or not under an

SPA. The pitch angle is sequently set at —1°, —20°,
and —40°, the net buoyancy is —0.102 kg, and the roll
angle is —40°. The initial conditions and constraints
are the same as those in the longitudinal comparison
simulations where the rotational velocity is 0 in all
cases.

Table 5 shows the simulation results for case B-1
where the glider steers under an SPA, and cases B-2
and B-3 where the glider does not. Steering under an
SPA obviously increases the steering ratio and the
attack angle. Case B-1 under an SPA has the highest
steering ratio, which is 2.5 times that in case B-2, and
7.3 times that in case B-3.

Table 5 Simulation results for steering with a small
pitch angle (case B-1) and without a small pitch angle
(cases B-2 and B-3)

. o Attack angle Steering
Case ID  Pitch angle (°) ©) ratio (°/m)
B-1 -1 72.3 433
B-2 -20 6.7 17.3
B-3 —40 32 59
6 Trial

A lake trial was conducted to investigate the
space-saving advantage of steering under an SPA and
the accuracy of the simulation results. The trial was
conducted in a lake in Zhejiang Province, China
(Fig. 9). The trial included two parts: continuous
steering and waypoint flight. In the trial, the depth and
Euler angle states of TUG were recorded for analysis
when lacking other velocity-related states.

Fig. 9 Lake trial

6.1 Continuous steering

Continuous steering aims to investigate the
steering ratio of TUG under or not under an SPA.
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All the trial tests were conducted with the pa-
rameters simulated in cases A-1-A-9 from Table 4
and cases B-1-B-3 from Table 5. In each case, the
glider worked as follows:

1. The pitch angle and roll angle are adjusted to
the specified value on the surface.

2. The net buoyancy is adjusted to the specified
value.

3. Steering is performed continuously when de-
scending with the specified parameters.

4. Steering is stopped when the depth reaches
8 m, and then the glider ascends to feed back the
recorded data.

All the cases were run for three times. The run
with the median steering ratio value for each case
would be kept for analysis.

The trialed gliding states for cases B-1-B-3 are
shown in Fig. 10. The steering orientation values for
each case were translated with the same initial value.
Case B-3 took 35 s to reach 8 m. Thus, Fig. 10 pre-
sents the data of the first 35 s.

Fig. 10 shows that the average steering angular
velocity for case B-1 is 1.5 times that in case B-2, and
2.5 times that in case B-3. Fig. 10 shows that the
vertical displacement for case B-1 is 0.6 times that in
case B-2, and 0.36 times that in case B-3. These
findings indicate that steering with an SPA not only
saves time for steering, but also takes up less vertical
displacement than steering without an SPA.

A comparison between the simulation and trial
for case B-1 is shown in Fig. 11. The simulated depth
is approximately 12.5% smaller than the experimental
result. The simulation result for steering orientation is
11.2% smaller than the experimental result. Fig. 11
shows that the accuracy of the simulation is accepta-
ble. The calculated results of the steering ratio for
each case are shown in Fig. 12.

In Fig. 12a, the steering ratio increases with the
magnitude of net buoyancy and roll angle, which
agrees with the simulation results of cases A-1-A-9.
In addition, a comparison between the trial and the
simulation results shows that the presented model has
a maximum relative error of 11.1%. Therefore, the
presented model works well under a large attack
angle.

Fig. 12b shows that the steering with an SPA
(pitch —1°) achieves a higher steering ratio than in the
control cases. The case with an SPA has the highest
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Fig. 10 Gliding states for cases B-1-B-3: (a) depth; (b)

roll angle; (c) pitch angle; (d) steering orientation

steering ratio, which is 2.6 times that in case B-2, and
7.3 times that in case B-3. Results show that steering
under an SPA has good space-saving performance.
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6.2 Waypoint flight

Steering under an SPA has good space-saving
performance and could therefore be applied to

waypoint flight. The waypoint flight trial consisted of
two groups, each including four waypoints. Group A
steered under an SPA, while group B steered with a
pitch angle of —20°. Waypoints were connected by a
single flight and vertical monitoring. The waypoint
flight trial was aimed to compare the total horizontal
displacements along the target orientation between
the flights under an SPA and those not under an SPA
for the steering process. The trial was conducted as
follows:

1. The trial is initialized with the specified loca-
tion and steering orientation. The GPS fix is recorded
as waypoint 1.

2. The steerings on orientation 180° (southing)
under and not under an SPA are followed.

3. A transit glide with a pitch angle of —20° is
performed until the glider reaches the depth of 35 m.

4. Vertical ascent to the surface is performed.

5. The GPS fix is recorded as the next waypoint,
and the recorded data are posted back.

6. Steps 2-5 are repeated until the number of
waypoints reaches four.

The real-time steering orientation of the single
flight between waypoints 1 and 2 is shown in Fig. 13.
The steering process with an SPA occupies only 6.6 m
of the vertical displacement, while the control case
occupies 14.4 m. It means that the flight that steers
under an SPA left more vertical space for the transit
flight process than in the control case.
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i | | . | . |
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Fig. 13 Steering orientation of single flight under pitch
—1° (SPA: small pitch angle) and —20°

With the GPS fixes of waypoints, the southing
horizontal displacement covered by the flights can be
calculated. The displacement is calculated by the
developed software shown in Fig. 14, where the
waypoint displacements are decomposed into north
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orientation (upward) and east orientation (rightward),
and dN and dE are the deviations in the north and east
orientations, respectively. In the flight that combines
an SPA, the southing horizontal displacements be-
tween waypoints are 47.6, 52.2, and 48.2 m, with a
total of 148.0 m. In the flight that is not steered under
an SPA, the southing horizontal displacements be-
tween waypoints are 34.2, 37.3, and 39.3 m, with a
total of 110.8 m. The flight steering under an SPA
covers a 33.5% larger southing horizontal displace-
ment than that not under an SPA. Thus, steering under
an SPA helped TUG leave more vertical space for
transit flight, to ensure that the flight could cover
a larger horizontal displacement than the control

group.

Fig. 14 Waypoints with GPS handle

Even though steering under an SPA leads to a
high steering ratio and a high angular velocity, and
could be used in waypoint monitoring, there may
exist some trade-offs steering under an SPA. First,
underwater gliders may be vulnerable when the
gliding velocity is significantly lower than that of the
currents. The steering pitch angle is suggested to be
compromised to increase the velocity when steering
in areas with non-ignorable currents. Second, steering
under a large attack angle may suffer from local tur-
bulences, which may cause the glider to vibrate. It
might be okay for general monitoring. However, it is a
problem for vibration-sensitive monitoring. Gliding
strategies have to be balanced between adapting to
certain conditions and enhancing the steering ratio.

7 Conclusions

This paper presents a space-saving steering
method under an SPA for appearance-fixed under-
water gliders. A viscous hydrodynamic model is
amended to extend its applicability for a large attack
angle. A computational method based on a computa-
tional fluid simulation is used to determine the hy-
drodynamic coefficients. An analysis is conducted to
evaluate the effect of steering under an SPA under
different net buoyancies, roll angles, and pitch angles.
The continuous steering test shows that steering under
an SPA has good space-saving performance with an
optimal net buoyancy of —0.102 kg and a roll angle of
—40°. Moreover, a comparison between the simula-
tions and experiments shows that the amended model
predicts the steering ratio accurately with a maximum
relative error of 11.1%. A flight test shows the ap-
plicability of steering under an SPA to multiple-
waypoint flights. In the waypoint flight test, the flight
that combines an SPA covers a 33.5% larger southing
horizontal displacement than that in the control case.
Results indicate that steering under an SPA could be
applied to lake monitoring to enlarge the monitoring
area.
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