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ABSTRACT This paper proposes a novel hybrid underwater vehicle, the Smartfloat, which integrates the
concept of buoyancy-driven underwater gliders and conventional profiling floats. The vehicle is presented to
address the challenges in ocean monitoring, such as the multidisciplinary observations of long-range trans-
port of the mesoscale features with high spatial-temporal resolution. The vehicle combines the mechanisms
of Argo profiling float and the underwater glider, with the application of a special designed attitude control
system and the ingenious general arrangement. The vehicle can switch the operating mode between drifting
mode and gliding mode. Such a multimodal vehicle would merge the benefits of making measurements in
a very energy-efficient way when drifting with the currents in Argo mode, and operating as an underwater
glider in glider mode when it is needed to cross the ocean eddies, ocean fronts, filaments, or some stirring
regions. In this paper, a proof-of-concept platform including its concept of operations, the main components
and subsystems design, and the correlative mathematical analysis is introduced in detail. Experiments in
field trials are presented to characterize and illustrate each mode of operation and repeated mode transitions.
The results demonstrate the feasibility and the good performance of the proposed vehicle.

INDEX TERMS Autonomous vehicle, ocean monitoring, profiling float, multimodal underwater vehicle,

underwater glider.

I. INTRODUCTION

The ocean change is one of the most important consequences
of ongoing global climate system because they transport heat
and fresh water, and exchange these with the atmosphere.
For the period 2003-2014, the rate of observed sea level has
been rising at a rate between 2.8 and 3.6 mm per year with
significant low-frequency variability superimposed [1]. Sea
level variation is spatially non-uniform. Over this time span,
the steric sea level contribution, essentially estimated from
Argo-based ocean temperature and salinity data, varies from
-0.5+0.5 mm/year to 4+0.8£0.8 mm/year [2]. In all these
global climate observations, the Argo-base ocean observing
method plays a significant role in understanding and analyz-
ing the ocean change [3],[4].

As we know, the profiling floats reciprocate between the
surface and the predetermined depth of the ocean to measure
the ocean and upload environment data such as ocean current,
thermocline and halocline [5]-[7]. As for the current profiling
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floats, they have been experimentally verified with the ability
of sustaining effort for two or even three years, which is
assessed by the operating method [8]. Nevertheless, the Argo
profiling float can only drift with the ocean currents but not
able to achieve reliable trajectories tracking. This makes the
position of the Argo-based measurements uncontrollable and
difficult to predict. In some specific situations, the scientists
are more concerned about the internal status and mechanism
of ocean phenomena like eddy current [9], and a result-
ing internal tracking measurement of these phenomena are
expected. However, the Argo profiling floats are apparently
incompetent in these mission scenarios.

Besides the Lagrange profiling float, underwater glid-
ers (UGs), a kind of autonomous underwater vehicles with
maneuverability, have also shown powerful performance in
sampling and exploring the ocean environment [10]-[12],
especially in high spatial-temporal and multidisciplinary
oceanic observations [13]. UG is an indispensable underwa-
ter detection apparatus. Compared with the profiling float,
the outstanding advantage of UG is the capability of active
traversing hundreds of kilometers for weeks or even months.
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FIGURE 1. The Smarfloat's internal configuration and mechanisms.

UG is commonly shaped like a fixed-wing airplane. It can
obtain maneuverability and often equips with various sensors
to consummate the oceanic data collection. While travelling
through the water column, the glider performs a vertical
zigzag movement to go forward by adjusting the buoyancy
and the positional relationship between the center of gravity
and buoyancy. The forward driving force that results in a
forward horizontal displacement is the horizontal component
of the lift force generated by the fixed wings [14], [15].

The gliders have been successfully tested to overcome
comparatively current and collect specific marine informa-
tion around the stirring regions. Recently, a number of novel
underwater gliders have been developed to obtain better
performance on measuring methods except the conventional
profiling floats and the legacy gliders [16]-[18]. These tech-
nologies improve the gliders by minimizing transit time [19],
enhancing robustness in currents [20], or increasing the
maneuverability in coastal regions [21]. Despite that UGs are
robust ocean sampling platforms that are increasingly being
deployed in some complex current regions [22]-[24], their
endurance, which is often limited to about 3 to 6 months
depending on battery design capacity, is much inferior to
profiling drifting float [25].

A desired ocean observing platform would have the com-
bined positive attributes of an underwater glider and the
long endurance as Argo profiling float [26], [27]. This paper
proposes a novel hybrid multimodal underwater vehicle, the
Smartfloat, shown in Fig. 1 [28]. The Smartfloat integrates
the concept of buoyancy-driven underwater gliders and con-
ventional profiling floats. The superiority of the combination
is the achievement of extending endurance greatly for cur-
rent UG technology and acquiring controllability for current
Argo profiling float in one single platform. The Smartfloat is
designed to achieve more than 110 profiles with 4000 meters
operating depth in float mode while it can glide underwater
with a continuously working range of thousand kilometers,
carrying with CTD, chlorophyll, CDOM, hydrophone and
other measuring equipment in glider mode. The measurement
data is reported in real time via satellite communications once
it surfaces. As a remarkable feature, the design endurance of
the Smartfloat is more than 3 years.
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FIGURE 2. The operation strategies of profiling float and underwater
glider.

FIGURE 3. Operation strategies of the multimodal underwater vehicle.

It is known that the float is designed to observe the ocean
by drifting with the flow. Since there is no need to change
the attitude, the platform’s center of gravity (CG) is designed
to always stay under the center of buoyancy (CB), which can
make the float consistent vertical and stable in water. On the
contrary, a UG needs to change its attitude to a non-vertical
state to perform a forward glide during the operation. How-
ever, to ensure the vehicle is bottom heavy for stable gliding
underwater, the CG and the CB of a UG are designed to be
never able to align to the central longitudinal axis.

Therefore, realizing the combination of the UG and the
profiling float is mainly to break the limitation of the attitude
adjustment of each platform and enable a full range of pitch
variation in for the Smartfloat. This paper presents a novel
design approach that allows a necessary change of the CG for
the requirements of both underwater glide and vertical float.
By using the special designed attitude control system and the
ingenious general arrangement, the multimodal underwater
vehicle can switch between Argo mode and UG mode. When
using the attitude control system to obtain a steady vertical
state, the proposed vehicle can drift with the currents for
about 10 days and make measurements with minimum energy
consumption by only controlling its buoyancy. When using
the attitude control system to obtain a variable non-vertical
attitude, the proposed vehicle can realize locomotion under-
water through gliding by a joint control of its buoyancy and
the position of CG. The operation scheme of the proposed
multimodal vehicle is shown in Fig. 3.
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FIGURE 4. Smartfloat vehicle.

The remainder of the paper is organized as follows. The
mechanical design and mass configuration of the vehicle is
introduced in Section II. The next section presents the attitude
control strategy for the vehicle. Then, Section IV presents the
simulation and experiment results. Finally, Section V draws
the conclusion of the work.

Il. CONFIGURATION AND MECHANICS DESIGN

The newly multimodal underwater vehicle named Smartfloat
can switch between the normal glider mode and the normal
float mode, which is achieved by the special mechanics and
configuration design of the vehicle.

A. MECHANICAL DESIGN

The vehicle has a streamline profile with simple hydrody-
namic characteristics. The main body functioned as pressure
hull consists of a 0.301 m diameter acrylic tube with a
length of 2.5 m and two hemispherical end-caps. The caps
are round to gain a high strength-to-weight ratio and con-
tribute to streamline configuration, improving the aesthetics,
and minimizing the drag of the hull as well [28]. UGs and
profiling floats reach various depth by controlling either the
weight or the buoyancy (volume). The Smartfloat shown
in Fig. 4 adjusts its attitude in the same way as conventional
UGs by changing its buoyancy and the position of the internal
mass. In the designs of the glider and the float, most of the
vehicle’s mass should be distributed uniformly around the
hull’s axial column except a portion of the mass should be
located at bottom, which is called ‘““bottom-heaviness” [29].
The Smartfloat has an internal movable mass located in the
middle of the body and a highly integrated buoyancy system
mounted in the front cap.

The buoyancy control system is a crucially important part
for underwater vehicle [30]. The schematic diagram and
the configuration of the devised buoyancy system shown
in Fig. 5 and Fig. 6, respectively. The vehicle regulates its
displacement by pumping oil in or out the external oil sac.
To increase buoyancy, a hydro Leduc PB33 HP micro-pump
pumps the oil from the internal oil tank through the flowmeter
and the one-way check valve into a 4L cylinder oil sac.
To reduce buoyancy, the hydraulic oil passively flows through
the motor operated valve and the zero leakage reversing
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FIGURE 5. Schematic diagram of buoyancy control system.

FIGURE 6. The buoyancy control system (For space-efficient assembling,
the air pump and displacement transducer are mounted inside the oil
tank, include the filter and switch sensor.).

FIGURE 7. The attitude control system.

valve back to the inner tank from the sac under the ambient
pressure. Making use of the ambient pressure for oil return-,
is of benefit to energy saving and enables the proper function
of the buoyancy system.

It is known that the UG and the profiling float have dif-
ferent requirements of the locations of the CG and the CB.
To combine the motion patterns of UG and profiling float,
an attitude control system of the vehicle exhibited in Fig. 7 is
specially designed. The pitch, roll and yaw angles of the
vehicle are controlled by the proper translation and rotation of
the movable mass that is composed of lithium battery packs.
For feedback control, a potentiometer and a compass are used
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to measure the position and the angle of the battery packs.
The pack is driven by a ball-screw-motor system to translate
along the central axis within a range of £8 cm and can be
rotated 360° around the axis by a turbo-worm system, which
ultimately results in a pitch regulation of +60° and a roll
regulation of +40° when the vehicle is in UG mode. Due to
the capability of full rotation of the movable pack, the vehicle
can change to a vertical nose-down attitude, i.e., 90° pitch
angle, to enter the profiling float mode by rotating the pack
with 180°. Therefore, the main devised concept of operation
modes switch is realized.

B. CONFIGURATION

The Smartfloat has its buoyancy engine located in the nose
of the vehicle and has the movable mass moving within a
limited range inside the body. In this paper, the vehicle’s mass
is divided into three parts in a similar way as the conventional
design of a UG. The classification helps to simplify the task
trying to study what an impact an action of movable mass
can make on vehicle’s attitude. The first part is referred to
the stationary mass, m,, with its weight denoted as W, to
represent all the components whose mass and the position of
its gravity center will not change during the operation. For
the purpose of realizing the combination of the UG mode and
the profiling float mode via the movable mass, the stationary
mass is designed in a place with an offset, z,,,s, in the positive
z-axis direction from the central body x-axis in which the CB
is. The second part is only the movable mass, m,,,. Its weight
is denoted as W, and acts at a distance z,, below the body
x-axis. Due to the special mechanical design, the roll control
of the movable mass can reach a full 360° which differs from
the traditional UG with limited roll range. The third part is the
oil mass, m,, with a denotation W, for its weight. This mass
is used to adjust the buoyancy of the vehicle via changing the
displaced volume of the external oil bladder. Note that the oil
mass is distributed partially in the tank (m,; or W,1) while
the rest is in the bladder (m,» or W,). As for the vehicle’s
buoyancy, it is considered as the total of the buoyancy of
the main body that denoted as B,; and the buoyancy of the
external oil sac that denoted as Bb. A static force analysis
with respect to the vehicle loitering in steady water with zero-
velocity and a fixed pitch angle (9) are shown in Fig. 8.
From the figure, it can be inferred that the regulations of
the external oil bladder and the movable mass all contribute
to the pitch adjustment, and the rotation of the movable
mass is the actuation of the rolling motion of the vehicle
as well.

As shown in the Fig. 8, the longitudinal location of these
forces are measured from the nose cap of the vehicle. Given
the static equilibrium state of the vehicle, the following rela-
tionships are always held:

ZFz:er+Wol+W02+Wrs_Bb_Brs:0 (1)

Z M : (i + 2y tan )Wy, + x01 Wor + x02Woo + (yrs
+ Zwrs tan O)Wyg — xpBp — XppsBrs = 0 2)
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FIGURE 8. The 3D illustration and mass definitions of the vehicle. Forces

acting on vehicle loitering in steady water with a zero-velocity and a pitch
angle. The longitudinal positions where the forces act are measured from
the original of body frame and indicated by x (Xmr. X517, Xo2,

Xwrs: Xps Xprs)-

FIGURE 9. The 3D illustration and mass definitions of the vehicle. Forces

acting on vehicle loitering in steady water with a zero-velocity and a pitch
angle. The longitudinal positions where the forces act are measured from
the original of body frame and indicated by x (Xmr. Xo1, Xo2: Xwrs:

Xps Xprs)-

Same as the conventional UG design, the bottom-heaviness
is critical to the vehicle’s stability in both pitch and roll
maneuvers. However, the proposed vehicle will experience
a significant variation of the bottom-heaviness in the modes
transition process. When the vehicle is in profiling float
mode, the designed bottom-heaviness is very low to guarantee
a stable float in vertical nose-down attitude. When in the
glider mode, the CG of the vehicle needs to shift to the
front or the back of the CB so that the glider motion (saw-
tooth or spiral glide) is again enabled. The attitude of the
proposed vehicle is sensitive to the mass distribution, hence
slight changes of the location of the movable mass or some
small leaks of oil may all cause a drastic change of attitude.
All these factors need to be discussed carefully to obtain a
good attitude control for the proposed vehicle.
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FIGURE 10. Mass distribution of the vehicle in glider mode. To realize the gliding operation for the vehicle,
the pitch angle should change repeatedly between a positive value (diving) to a negative one (rising). (a) Mass
distribution of diving motion in glider mode. (b) Mass distribution of arising motion in glider mode.

First, consider situations in the Argo mode. To ensure
the safe and stable operation of the vehicle in this mode,
the relative position of the CG and the CB should be adjusted
in a way as shown in Fig. 9 that the CG is under the CB strictly
and both of them are on the central axis. To achieve that,
the movable mass rotates around the x-axis to the opposite
side of the stationary mass with respect to the x-axis, which
results in a total CG coinciding with the central axis while
the CB remains on the x-axis. Therefore, the equilibrium
equations of the vehicle in the steady floating state can be
obtained as:

ZFX Wor + Wo1 +Woo + Wy — By, — By =0 (3)
ZM * Znr Winr + 2wrsWrs =0 4)

Then, consider situations in the UG mode. When the movable
mass rotates 180° around the centerline with its longitudinal
position fixed, the vehicle switches from the profiling float
mode to the UG mode. During the transition, the balance of
the gravitational moments between the movable mass and the
remaining static mass vanishes, and then a following change
of attitude such as pitch angle and roll angle occurs. The
mass distributions in glider modes during diving and rising
are shown in Fig. 10. The vehicle in this mode shares the same
equilibrium equations as in (1) and (2).

After vehicle rotates the movable mass to switch to the UG
mode, the CGs of m,;,, and m,, locate on the same side of the
x-y plane. In this condition, the vehicle can be operated as a
conventional glider. By tuning the movable mass’s position,
the pitch angle in the neutrally buoyant state can be controlled
in a way as the following equation implies (5), as shown at
the bottom of this page. For a given oil mass, the parameters
By, By, W,1 and Wy, in (5) are constant. Then, (5) can be
simplified as:

— Xyrs Wrs — Xinr Winr

C
0 = tan~'( ) (6)
Zir Winr =+ Zwrs Wrs

C = xpBp + XprsBrs — xo1 Wo1 — X2 W2 @)

Note that the x,,s is fixed and the x,,, is always limited
in a predesigned range (Xpumin, Xmrmax) fOr an experimental
vehicle. In the UG mode, the CGs of m,,, is always limited
within a moving range close to the bottom. Therefore, pitch 6
is never able to reach £90° no matter how to adjust the buoy-
ancy and attitude systems, which indicates 6(—m/2, 7/2)
when the vehicle glides. In fact, 90° pitch attitude corre-
sponds to the vertical float state in the profiling float mode.
Obviously, once the movable mass is set to be free from the
rotation limitation and rotates to a certain place that make (4)
hold, the vehicle can easily pitch to 90°.

C. OPERATION MODE SWITCH

The innovation of the proposed vehicle is the design combi-
nation of the profiling float and the UG so that the proposed
vehicle can operate in both the profiling float mode and the
glider mode. To have a deep insight into the modal switch
mechanism of the proposed vehicle, a cross sectional view
in y-z plane as shown in Fig. 11 is considered to illustrate
intuitively the internal variation of the vehicle during the
modal switch between different operating modes.

For simplified reasoning, the total weight force is denoted
asW,i.e. W = W+ W +Wy1+ Wy, and the total buoyancy
isdenoted as B, i.e., B = B,;+Bj. To highlight the variation of
the relative position of W and B during the modal transition,
the vehicle is assumed neutrally buoyant with Byg + Bp-W-
Winr—Wo1-Ws2 = 0. For the proposed vehicle with symmetric
shape, the buoyancy acts at the center of the cross section
in Fig. 10. Making the vehicle vertically float in Argo mode
needs the CG of total weight coinciding with the centerline
of the vehicle. Therefore, the movable mass rotates to the
place as shown in Fig. 11 (a) where its gravitational moment
with respect to the central axis cancels out the one of remain
static mass, i.e., (3) holds. Meanwhile, the movable mass is

XpBp + XprsBrs — Xo1 Wo1 — X2 Wo2 — XywrsWis — Xy Wiy

% =tan_l(

&)

Zinr Winr + Zwrs Wi
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(2) (b) ()

FIGURE 11. Mass distribution of the vehicle in glider mode. To realize the
gliding operation for the vehicle, the pitch angle should change
repeatedly between a positive value (diving) to a negative one (rising).
(a) Argo mode. (b) Initial glider mode. (c) Battery rotates an angle.

pushed to its forward limiting position so that the CG can be
closest to the front of the vehicle and the maximum distance
between W and B is reached, which ensures a reliable static
stability.

To change from the Argo mode to the UG mode, the vehicle
firstly needs to reconfigure the mass distribution to leave the
balance in steady vertical float by rotating movable mass 180°
around the x-axis. Then the CG of movable mass and remain
static mass stay on the same bottom side of the x-y plane
as in Fig. 11 (b). Since W is no longer on the x-axis with
an offset in the positive z-direction, the vehicle pitches to
a non-vertical attitude and is ready for the following glide
motion. Fig. 11(c) demonstrates a typical roll maneuver of the
proposed vehicle in UG mode by letting the movable mass do
a rotation with an angle y. As seen in the figure, the vehicle
consequently obtains a roll angle ¢ in opposite directions.
Obviously, for a given y the roll angle is ¢ = y/2 when
the vehicle loiters at zero velocity in UG mode. The pitch
angle 6 and yaw angle ¥ in this static equilibrium state can
be further deduced as follow (8), (9), as shown at the bottom
of this page. As stated before, the key to the combination of
the concepts of the profiling float and the UG is the novel
capability of full rotation for movable mass, i.e., y [0, 360°].
Theoretically, the vehicle can rotate the movable mass 360°
no matter in which mode it is. However, in practice, rotation
of the movable mass must be confined within a range when
the vehicle is in the UG mode. Because a certain margin of
metacentric height needs to be guaranteed so that the vehicle
has sufficient static stability to overcome the disturbance like
uncertain turbulence and ocean current. The vehicle’s meta-
centric height is equal to distance between the CG and the
CB. Only when the CG is below the CB, i.e., the CG locates
below the x-y plane, has the vehicle reliable stability. Further-
more, it is the z-coordinate of CG that affects the metacentric
height most in UG mode. Therefore, in our simulation and

FIGURE 12. Frame illustration.

trials, a rotational limitation of the movable mass is set to
y [—90°, 90°] with the definition that y = 0° represents the
movable mass is rotated to the most bottom place as depicted
in Fig. 11(b) in a glide. As in the rest range of y, the vehicle
is easier to experience a decrease in metacentric height and
suffer from some problems such as instable glide, attitude
chattering and so on.

Ill. VEHICLE CHARACTERIZATION RESULTS

The proof-of-concept prototype of the proposed vehicle
described in Section II is firstly characterized and is used
to verify the attitude regulation principles in Section II.
As in Fig. 12, an inertial frame, a body-fixed frame and
a current reference frame are used to describe the motion
of multimodal underwater vehicles. The inertial frame is
represented by an orthonormal axis set {i, j, k}, where k
is aligned with the local direction of gravity. The body-
fixed frame By-xyz has the origin By coinciding with B,, the
x-axis pointing to the nose, the y-axis pointing to the right,
and the z-axis pointing to the bottom. The current reference
frame {1, w2, w3} thatis used to describe the hydrodynamics
forces and moments. The viscous force and moment are most
easily expressed in the “current” reference frame [31].

Table 1 gives the specifications of the prototype. Longitu-
dinal translation ranges of movable mass measured from the
origin of body-fixed frame is [-0.171m, -0.021m]. As demon-
strated in Fig 12, y is the rotation angle around longitudinal
axis x starting from negative z-axis in a counterclockwise
direction, and R is the radial distance of movable mass from
the x-axis.

The following operating conditions are evaluated for the
prototype: the surface stance, the roll and pitch attitudes dur-
ing upward and downward gliding, and the attitudes during
operation mode switch.

-1 XpBp + XprsBrs — Xo1 Wo1 — X2 Wo2 — XywrsWis — Xy Wiy
6 = tan (8)
Zinr Winr €OS Y+ Zyrs Wi

Zinr Wi SIN Y

Y o= tan~! <

XpBp + XprsBrs
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TABLE 1. Specifications of the proof-of-concept prototype.

Symbol Value

Stationary mass 1,

Position of the stationary mass r, [0.0125,0,0.0033Tm

Inertia of the stationary mass I Diag([3.25, 103.45,104.06])kg-m’

Movable mass m,,, 20kg

Position of the movable mass R R=0.028m,-7/2<y<r,
-0.021m<r,,,<-0.171m

170.6kg

Net buoyancy m;, 1.5kg<m,<1.5kg
Position of the net buoyancy #, [1.52,0,0lm
Displaced fluid mass m 190.6kg
Smartfloat hull diameter D 0.30Im
Smartfloat hull length L 3.55m

FIGURE 13. The vehicle in Argo mode.

A. ARGO MODE

It is well known that buoys always remain a vertical upright
attitude in the sea. Due to the vertical slender construction
and simple inner configuration, it is always convenient and
beneficial to arrange the CG and the CB on the central
longitudinal axis and make the distance between them long
enough to provide the buoy with adequate stability. As for
the proof-of-concept prototype changing from UG mode to
Argo mode, the movable mass needs to rotate to a certain
position so that the CG can converge to the x-axis on which
the CB is always fixed. Then the movable mass is driven
to the front limiting position to ensure the vehicle with the
best stability. The metacentric height of the prototype in Argo
mode eventually reach its maximum about 9 mm.

During the float in Argo mode, the prototype maintains a
vertical nose-down attitude. In this condition, the vehicle can
vertically surface by increasing the displaced volume of the
bladder via buoyancy regulation control (shown in Fig. 13).
Compared with conventional gliders, the iridium satellite
antenna of the proposed vehicle is able to vertically emerge
from the surface with 500 millimeter. By doing so, the steady
float state on the surface can be preserved over multiple
situations, and the communication capabilities of the vehicle
including translating the GPS and collecting data and receiv-
ing mission instructions are enhanced.

VOLUME 7, 2019

FIGURE 14. The trajectories of x coordinates of the total gravity center
(red solid line) and pitch angle of the vehicle (black solid line) change
with the translational motion of the movable mass in the x direction from
—0.021m to —0.171m. The vehicle is assumed to be neutral buoyant.

B. GLIDER STATE

As stated above, during the glide the CG of movable mass
should be kept below the CG of stationary mass for the stable
gliding consideration. It is inferred that the best stability is
obtained when y = 0°. At this point, the distance between
the CG and the CB increase to its maximum. In this situation
with a given buoyancy, the prototype can obtain various
pitch angle by only moving the movable mass longitudinally.
Fig. 14 shows the simulation results of this maneuver under
the condition that the vehicle is neutral buoyant. From the
figure, it can be seen that the x-coordinates value of total
gravity center, x,,, changes from 0.009 m to —0.00674 m
as the movable mass shifts from —0.021 m to -0.171 m.
Consequently, the pitch regulation varies from —56.7° (down
by head) to +49° (down by stern). Note that y-coordinates
value, y,,, and z-coordinates value, z,,, are constant 0 m and
0.0059 m respectively during the pitch regulation. Since y,, is
constant zero, roll angle and yaw angle should be absolutely
constant zero as well in the absence of disturbance.

In a more physically situation, the movable mass may be
require to execute both translational and rotational motions.
In this case, all of the three coordinates of the movable mass
with respect to the body-fixed frame are likely to change.
To simulate this motion, the movable mass was set to translate
from -0.021m to —0.171m and rotated from -90° to 90° at
the same time. This action is a simple way to evaluate the
motion stability of the prototype when it needs to change
direction during a glide. When executing the aforementioned
maneuver, the gravity center can be calculated by the follow-
ing equations:

Xw = Wor e + WisXiprs) [ (Wi + W) (10)
Yw = RWypsiny / (Wi, + Wi) (11
2w = RWprcosy + Wiszyrs) / (Wi + Wis) - (12)

Fig. 15 shows 3D trajectory of the total gravity center as
a result of the compound motion of the movable mass and
Fig. 16 presents the attitudes variation contour.
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FIGURE 15. 3D trajectory of total gravity center. Green solid line
represents the projection of the real gravity center trajectory in XZ plane
and YZ plane. Blue solid line represent the projection of the real gravity
center trajectory in XY plane. The gravity center moves from point 1 to
point 2 while the center of buoyancy is fixed in the origin.

As seen in Fig. 15, the CG was always below the CB with
a varying distance over 2.9 mm wherever the movable mass
was during the maneuver. This ensured the prototype always
had a good static stability when gliding.

As Fig. 16 (a) shows, both of the rotational and transla-
tional movement of the movable mass affect the pitch angle.
It is obvious that the pitch angle changed dramatically when
the movable mass got close to the origin (the CB). The larger
the rotate angle y was, the greater the pitch angle 8 would
be. Because the denominator of the right-hand side of (7)
will decrease as y increases, and reaches the minimum at
the moment when y = =£90°. As in Fig. 16(a), the vehi-
cle obtained a maximum nose-down pitch at 4+72° when
Fmrx = —0.021 m and y = £90°, and a maximum nose-up
pitch at —66.5° when rprx = —0.171 m and y = £90°. The
influence of the movable mass position on the yaw direction
is also illustrated in Fig. 16(b). The translational motion of
the movable mass had a significant effect on yaw direction.
Notice that a sudden change in the yaw angle happened when
the movable mass passed under the CB. When the movable
mass was under the CB, the vehicle floated horizontally.
In this condition, yaw motion was very sensitive to the mov-
able mass position as (8) implies.

C. MODAL SWITCH

Modal switch is the key transitory stage for the prototype.
The success of the transition contributes to the combination
of the concepts of conventional glider and buoy without any
conflict.

It is noted that the bladder is mounted in the front of the
vehicle as shown in Fig. 1, which means that increase or
decrease in buoyancy provided by the bladder tend to make
the vehicle pitch up. Therefore, to avoid the interference
in pitch attitude caused by the buoyancy regulation, with a
given buoyancy, the position of the movable mass is the only
variable which can influence the CB of the vehicle.
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(a)

(b)

FIGURE 16. Variation of pitch angle and yaw angle. The pitch angle
achieves its positive maximum at +72° and its negative maximum at
—66.5° while the roll angle varies from +45° to —45° in the simulated
maneuver.

The modal switch procedure is designed to accomplish
step by step including the translational and rotational motions
of movable mass. In the designed modal switch scheme for
a glider-to-Argo transition, the movable mass is rotated to
y = 0° firstly from any possible previous locations. Then
the ball-screw-motor system pushes the movable mass to the
most front place of its moving range, i.e., 1y = —0.021m.
Finally, the movable mass rotates again back to y = 180°.
After these three steps, the total gravity center coincides with
the x-axis, which makes the prototype from horizontal or
quasi-horizontal to vertical. Because the movable mass is
already in the place closest to the front, the distance between
the centers of gravity and buoyancy reaches its maximum.
Hence, the prototype obtains the best static stability in Argo
mode. When it comes to an Argo-to-glider transition, the only
thing needed is repeating the three steps in a reverse order.

The modal switch procedure applied in the prototype was
numerically studied. The whole simulation lasted 65 seconds.
It was assumed the movable mass started the modal switch
process in an initial location with x,,,, = —0.1mand y = 0°.
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FIGURE 17. 3D trajectory of the centers of the gravity and buoyancy in
red. Black solid line represents the projection of the real 3D trajectory
onto XZ plane. Green solid line represent the projection of the real 3D
trajectory onto YZ plane. Blue solid line represent the projection of the
real 3D trajectory onto XY plane. The center of gravity moved from point

1 to point 3 along with the red solid line. The buoyancy center is in (0,0,0).

FIGURE 18. variation of pitch angle, roll angle and yaw angle in modal
switch simulation.

Movable mass started to move forward at Os and stopped at
50s. Then it took 10 second to rotate the movable mass from
y = 0° to y = 180° followed by loitering at zero velocity
for the last 5 seconds. The consequent trajectory of the center
of gravity in 3D space is illustrated in Fig. 17. As shown
in the figure, the center of gravity moved in the direction
parallel to the negative x-axis from point 1 to point 2. Then it
continuously moved along a semi-circular path in YZ plane
to point 3 which coincided with x-axis.

The attitude responses in the glider-to-Argo transition are
demonstrated in Fig.18. Obviously in the first 50 seconds,
translational movement of the movable mass made the pitch
angle increase from 6.89° to 56.8° while roll and yaw angle
remained zero. Then in the next 10 seconds, pitch angle
rapidly increased to +90° while roll angle increased from
0° to +90° synchronously as the movable mass rotated from
y = 180° to y = 0°. However, yaw angle varied in a
nonmonotonic changing pattern. From 50 s to 55 s, yaw angle
tended to rise. After reaching the maximum value of about
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FIGURE 19. The test in Fu Xian Hu Lake.

18° at 55 s, yaw angle started to decreased and became zero
again at 60 s. Although the roll and yaw angles changed with
the modal switch process, the values of the two angles were
insignificant to the prototype when it floated vertically in
Argo mode. It should be noticed that the prototype is subject
to the gimbal lock problem when floating vertically. Because
there is no such a rotation around the z axis that can make
the vehicle back to its former orientation after the vehicle
rotates around the x axis. It means that the Eulerian method
to describe the yaw direction is not suitable in this situation
at all. Therefore, the vertical operating condition should be
dealt with carefully for designing effective control strategies
for the proposed vehicle.

IV. EXPERIMENTS OF THE MULTI-MODE UNDERWATER
VEHICLE

The most significant performance of the vehicle is motion
switch, navigation-keeping and sawtooth glide performance.
In this section, experiments in field trials are introduced
to investigate the performance and maneuverability of the
multimodal underwater vehicle. The tests were performed in
Fu Xian Lake in Yun Nan province.

A. THE MODE SWITCH EXPERIMENTS

Mode switch ability is the most prominent feature of the
Smartfloat. By enabling both of the Argo and glider oper-
ation modes, the Smartfloat possesses the capabilities that
those previous single-modal platforms have, and therefore
makes itself competent in more complex mission scenarios.
An experiment was carried out to demonstrate the switch
ability of the Smartfloat from the glider mode to the Argo
mode, and the results are exhibited in Fig. 20.

In the experiment, the vehicle was initially floated at the
surface with a pitch angle of —20° by setting y = 0° and
Fmrx = —0.116 m. The switch action composed of two steps.
The first step was shifting the movable mass along with the
x-axis to the place at rp,, = —0.021. From Fig. 20, it can be
observed that the pitch angle reached to —70° after the trans-
lational motion of the movable mass finished at 90 s. Then
the second step (from 93 s to 102 s) was rotating the movable
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FIGURE 20. Variation of pitch angle, roll angle and yaw angle in mode
switch test.

mass by 180° so that the CG could eventually coincided with
the x-axis. The pitch angle had kept increasing from —70°
since the movable mass started to rotate, and it finally main-
tained at —90°. Meanwhile, the roll angle increased fast to
90°. It should be emphasized that the pitch and roll response
recorded in Fig. 20 has a maximum value of 80° instead of 90°
due to the limitation of the attitude sensor’s range from —80°
to 80°. Moreover, when the vehicle successfully switched to
the Argo mode and floated vertically, it was subjected to the
gimbal lock problem. Therefore, a sudden change in the yaw
direction happened and the yaw angle data was meaningless.

B. THE SAWTOOTH GLIDE EXPERIMENTS

The data from saw-tooth tests are given in Fig. 21. The target
depth of the vehicle during the sawtooth was set as 70m.
Because the flow limitation of the buoyancy control system,
the target depth was overshot by about 5m. The descent and
ascent pitch angle were set as £25°.

At the beginning of a mission profile, the vehicle floated
at the surface in Argo mode with a head down attitude so
that the Iridium satellite antenna could emerge from water
and acquired a good communication condition. After finish-
ing the instruction transmission, the vehicle switched to the
glider mode in a short time, and then descended by reducing
buoyancy and changing the attitude. In Fig. 21(a), notice that
the pitch angle had a drastic variation from O s to 625 s. This is
because the movable mass was rotated simultaneously during
the buoyancy regulation to make the vehicle enter the glider
mode and get the vehicle ready for the following gliding
motion. In addition, it should be pointed out the external
bladder was mounted in the head so the buoyancy regulation
would affect the pitch attitude to some extent. When descend-
ing, the oil was pumped into the inner tank from the outside
bladder. As the displaced volume of the bladder decreased,
the restoring moment generating by the buoyancy and the
gravity changed and consequently resulted in a variation of
pitch angle.
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(C)]

(b)
FIGURE 21. Sawtooth glide test result.

FIGURE 22. The relationship between the vehicle system and spiral
trajectory.

In the field trials, it was hard for the vehicle to maintain
stable under the wave disturbance when the vehicle floated
at the surface. So an obvious oscillation of pitch angle can
be observed in Fig. 21(a). But the results also demonstrate
the good tracking performance of the attitude control system
with fast tracking speed and stability in both of the descent
and ascent stage.
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(d)

FIGURE 23. The spiral glide test results. (a) and (b) record the attitude and depth responses of the vehicle in the first test;
(c) and (d) record the attitude and depth responses of the vehicle in the second test.

C. THE TURNING GLIDE EXPERIMENTS

The turning glide experiments were used to verify the spiral
motion pattern and analyze the course-keeping performance
of the Smartfloat. To know the spiral pattern of the vehicle,
experiments were conducted by making the vehicle keep
some certain roll angles and pitch angles during the ascent
and descent stages in order to evaluate the performance and
stability of turning process.

Unlike a conventional aircraft, the underwater gliders
exhibit different roll/yaw relationships in the downwards
glide and upwards glide respectively, which leads to different
spiral motion. For the sake of simplifying the discussion, this
paper defines the positive and negative spiraling motion as
shown in Fig. 22. The positive spiral is defined as the spiraling
motion in which the horizontal component of the lift force,
L,,, points to the axis of the spiraling trajectory. The negative
spiral is defined as the spiraling motion in which the L,, points
away from the axis of the spiraling trajectory. The kind of
spiraling motion a glider can execute is determined by the
vehicle’s hydrodynamics that is related to the airfoil profile,
the outline of the body, and the wing’s position. Among all
these factors, the wing’s position has the most significant
influence on the direction of the spiraling motion.
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Differing from most underwater gliders, the Smartfloat had
a pair of aft-mounted wings. So it could be inferred that the
Smartfloat would perform a negative spiraling. That means a
roll to the right (left) would make the lift force point away
from the axis of the spiral path and consequently resulted in
a yaw to the left (right) in the descent. Similarly, a roll to the
right (left) would generate the lift force pointing away from
the axis of the path and therefore produce a yaw to the right
(left) in the ascent.

The results of the spiraling motion tests are shown
in Fig. 23. In the experiments, two groups of turning test, each
of which includes a downwards glide to 40 m depth with a
pitch angle of —20° and an upwards glide with a pitch angle of
20°, were conducted. Note that every experiment was started
with the vehicle in the Argo mode floating at the surface.
Therefore, the vehicle changed to the glider mode at first and
then executed the spiraling motion.

The first test requires a roll to the right with 20° while
the second test requires a roll to the left with the same
angle. In Fig. 23, the yaw turned to the left (right) when the
vehicle glided downwards (upwards) with a roll to the right,
and turned to the right (left) when the vehicle glided down-
wards (upwards) with a roll to the left. Therefore, the results
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FIGURE 24. The navigation-keeping glide test results. (a) The roll and
pitch angle responses; (b) behaviors of actuators (the movable mass and
the external bladder); (c) the depth and yaw angle responses.

verify that the Smartfloat was doing a negative spiraling
motion when it turned.

Another groups of tests were then carried out to evalu-
ate the course-keeping performance of the vehicle. In these
tests, the pitch angles in the ascent and descent were set as
+25° respectively. Target depth was 100 m and the target
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yaw direction was 50°. The results are exhibited in Fig. 24.
From Fig. 24 (a) and (b), it can be seen that the pitch angle
could converge to the target value well and the actuators
(the movable mass and the buoyancy control system) did
not encounter with the chattering problem. All the control
process was smooth and stable. The yaw response recorded
in Fig. 24(c) proves that the vehicle successfully fulfilled
the yaw tracking mission by executing the negative spiraling
glide and had the good ability of course-keeping. However,
due to the hysteretic characteristic of the buoyancy control
system, the depth control response had an overshoot of about
9 m.

V. CONCLUSION

A novel platform that combines both of the Argo mode and
the glider mode is proposed in this paper, and it is success-
fully realized by a novel attitude control system. The attitude
control system enables a rotation of 360° of the movable mass
(a movable battery pack with an eccentric mass distribution)
around the x-axis. Therefore, the CG can not only move in
the manner as a conventional underwater glider does but also
shift in the longitudinal axis where the CB locates, which is
the key of combining the mobility of the profiling float and
the glider for a single platform.

A prototype, called the Smartfloat, was fabricated with
the utilization of the proposed attitude control system. The
preliminary motion principles of the prototype in different
modes were deduced under the conditions that the vehicle was
neutral buoyant. Then, the prototype was characterized and
its attitude regulation performance was tested numerically in
different operation modes. Finally, the field trials were carried
out to test the functions of the prototype. In the experiments,
the vehicle successfully executed the modal switch, the verti-
cal diving and surfacing and depth keeping in the Argo mode,
and the sawtooth glide and the spiral glide in the glider mode.
The results verify the feasibility of the proposed multi-modal
platform and demonstrate the vehicle’s good performance in
different operation modes.
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