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Abstract: This study entailed the design and analysis of a 400 m-class underwater glider operated by a bladder-
type buoyancy engine. The underwater glider was designed for high-speed movement with a maximum
velocity of 2 knots. The shape of the hull was designed to reduce water resistance using the Myring hull profile
equation. The reliability was verified by performing simulations using resistance coefficients. The relationship
between the control value of the ballast discharged from the buoyancy engine and the glider's speed according
to the path angle was analyzed. Further, the relationship between the optimal glide angle and the design
control value of the ballast was derived, and the optimal glider speed was estimated accordingly. Based on the
analysis results, a bladder-type buoyancy engine was developed, and the maximum speed of the tested
underwater glider was measured via sea trials.
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1. Introduction

In recent years, the discovery of marine resources has become a significant issue, as the world
has been utilizing limited resources even in the face of energy shortages [1]. The ocean contains vast
resources, including minerals and energy, a substantial part of which has remained underutilized.
As the ocean has many life-threatening elements that are dangerous for humans, unmanned ocean
exploration robots are essential for direct ocean exploration.

Autonomous underwater vehicles (AUV’s) are well known as representative unmanned marine
exploration robots. AUV’s are underwater robots used for military and academic research because it
can autonomously function with minimal operator intervention. AUV’s collect various information
about the marine environment and performs important missions such as surveillance and
reconnaissance activities. This information can be used for exploration in the deep sea, which is
particularly difficult for humans to access. However, as the propeller is used to generate propulsion,
the hull would be heavy, and the volume would be large. In addition, as the amount of energy stored
for generating propulsion is limited by the capacity of the battery, it is disadvantageous for long-term
exploration. In contrast, underwater gliders (UG’s) are unmanned marine exploration robots
designed to travel between the ocean's depths and the ocean's surface, and their roles are not
remarkably different from those of AUVs. Nevertheless, they are more efficient in terms of energy
consumption because they do not use separate propellants [2]. The propulsive force in UG’s is
generated by buoyancy control by fluid inflow and outflow and by moment change using internal
mass movement and wing movement. Therefore, they are suitable for long-time and long-distance
ocean exploration because the power requirement is relatively small [2,3].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Currently, UG’s are widely used in oceanographic research [4-6]. UG’s can navigate by changing
the ballast water amount in the buoyancy engine periodically such that it has good merit of using
very small energy [7,8]. The dynamic models of UG’s including the mass shifter motion were set up
by a number of researchers [9-11]. There is also a study using back-stepping technology and direct
adaptive control for UG's pitch control [12]. Various studies are also being conducted to reduce the
tracking error of UG [13]. In addition, a UG that is less affected by ocean currents and has increased
cruising speed is also being developed [14].

In this study, a UG capable of cruising at a maximum speed of 2 knots was designed according
to the characteristics of the Korean peninsula. In addition, the payload in the middle of the hull is
designed by increasing weight and buoyancy compared to the existing underwater glider so that
various marine observation sensors can be mounted. The buoyancy engine of the UG was designed
based on the purpose of operation, and the relationship between the control value of the ballast
emitted from the buoyancy engine and the speed of the UG was analyzed. In addition, the reliability
of the design was verified by performing dynamic modeling. After designing and manufacturing the
UG system, we verified the maximum UG speed via sea trials.

In the following section, we first present the design and analysis of the hull of the UG. Section 3
introduces the mathematical model of the UG. Section 4 introduces the sea trials, and Section 5
presents a summary and conclusions.

2. Analysis of UG Hull

2.1. Hull shape design

The external design of the UG was designed using the Myring hull profile equations [15], which
are empirical equations that can create an external shape that can minimize resistance from external
fluids. The parameters used here are shown in Table 1. The bow and stern profile were designed
using Equations (1) and (2):
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Table 1. Myring parameters for UG.
Parameters Description Units
a Nose section length m
Qoffset Nose offset m
b Constant radius center section length m
c Tail section length m
Coffset Tail offset m
n Exponential coefficient -
0 Included tail angle radians
d Maximum hull diameter m
l Vehicle total length m
l Vehicle forward length m

The parameters used for the design are shown in Figure 1. By adjusting the parameters, a
suitable shape can be obtained.

doi:10.20944/preprints202309.1390.v1
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Figure 1. Myring equation parameters model.

2.2. Hull resistance analysis

Using computational fluid dynamics (CFD), the parameters related to the steering fluid force
acting on the underwater glider were identified and used to estimate the kinetic performance of the
UG at the design stage. The actual UG model designed for this purpose has a cylindrical shape with
wings at a sweep angle of 20° attached to the oval regions at the fore and aft. For the analysis of
turbulence, the k—w SST model was applied. The flow velocity was analyzed with increasing velocity
from approximately 0.2 m/s to 1.1 m/s. The flow velocity distribution around the UG decreases in the
nose part and the curvature part of the thruster. The rear antenna and rudder were installed vertically
based on these analysis results. The results of the resistance calculation for each speed obtained
through the analysis are shown in Figure 2. All the results mentioned in this study were used in
STAR-CCM+.

X-Force [N]

7 . . . . .
0 0.2 0.4 0.6 0.8 1 12

Speed [m/s]
Figure 2. Relationship between speed and drag force.

A resistance of approximately 5.4 N acts when the UG moves straight at 1.0 m/s. Evidently, the
resistance increases nonlinearly with speed, and the average drag coefficient calculated according to
the obtained drag result is 0.29. Considering that the drag coefficient of an AUV with a torpedo-type
hull is approximately 0.3, the calculated values are similar to those previously reported [16].

2.3. Maximum speed analysis

The ratio of lift and drag generated by the angle of attack(AoA) of the UG during gliding affects
the stability of the pitching posture of the UG. As shown in Figure 3, when the angle of attack changes,
the resultant force of lift and drag changes accordingly, and the posture of the UG needs to be
corrected to achieve equilibrium.
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Figure 3. Action of lift and drag force.

As indicated by the CFD analysis results, Figure 4 summarizes the lift and drag coefficients
according to the angle of attack. It was introduced in the performance optimization considering the
part where the ratio of lift and drag is optimal during the glide of the UG. As shown in the figure,
when the angle of attack of 0°-10° is considered, the increase in lift is more pronounced than the
increase in drag.
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Figure 4. Simulated lift and drag coefficients.

The path angle of the UG can be expressed as shown in Equation (3) based on the ratio of lift
and drag:

{=—tan (%) 3)

Where, D is drag force, L is lift force, and ¢ is glide path angle. Figure 5 shows the relationship
between the angle of attack and the glide angle based on the calculated coefficients.
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Figure 5. Relationship between the angle of attack and path angle.

The speed of the UG according to the maximum ballast control amount and the glide angle can
be expressed by Equations (4), (5) and (6) [10]:

1/2
myg sin{
V= 10— (4)
QPCD(«“))
1/2
Y (L TLLI S R )
QPCD(((O»’))
1/2
R (L TLLI SR R ®
jPCD(f(O—’))

Where V is glide speed, V; is depth rate, Vy is horizontal speed, m, is excess mass, g is gravity,

Cp is drag coefficient, p is density, a is angle of attack, and the calculation results are illustrated in
Figure 6.
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Figure 6. Relationship between glider velocity and path angle.
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In Equation (4), the angle at which the horizontal speed (Vy) becomes the maximum is the point
at which cos{sin'/2{ is the maximum. As shown in Figure 7, the glide angle reaches its maximum
at cos{sin'/? { =0.657 at 34°.
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Figure 7. Relationship between cos { sin'/“ { and path angle.

Equation (7) expresses the maximum speed of the UG as a function of the ballast control amount.
The velocity relational expression based on the displacement and the maximum ballast control ratio
(np = my/pV) was derived, and the relation is illustrated in Figure 8.
1/2
myg sin g

T x 0.657 ()
jPCD ((((Z))
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Figure 8. Relationship between maximum velocity and ballast water weight.
3. Mathematical Model of the UG

3.1. Structure of UG system

A photograph of the UG designed in this study is shown in Figure 10. The total weight of the
UG is approximately 108 kg, the hull diameter is 280 mm, and the overall length is 2,200 mm. The
hull was designed in a cylindrical shape to reduce water resistance. Inside, it consists of a buoyancy
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engine, a posture controller, a battery, and a control device. The weight of the buoyancy engine can
be increased for high-speed sailing, thereby increasing the overall weight of the hull. The detailed
specifications of UG are shown in Table 2.

Figure 10. Developed UG.

Table 2. Specifications of UG.

Index Value Units
Length 2,200 mm
Diameter 280 mm
Width 1,450 mm
Height 348 mm
Weight 108 Kgf
Buoyancy 108 Kgf

3.2. Mathematical model of UG

The hull was assumed to be a rigid body to define the mathematical model of UG. The hull-fixed
coordinate system and the earth-fixed coordinate system were used, as shown in Figure 11. The right-
hand coordinate system with the forward direction as positive x, the starboard direction as positive
y, and the vertically downward direction as the positive z direction was used. The translational and
rotational motions about the UG's X, y, and z axes are expressed as six-degree-of-freedom (DOF)
motions, and the coordinate axes and the motions are shown in Table 3.

g qM QJ rN

wZ

Figure 11. Coordinates frame of underwater glider.
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Table 3. 6 DOF Motion of the underwater vehicle.

Fore &
Classification Axis Motion ore Velocity  Displacement
Moment
Translational X Surge X u x
motion y Sway Y v y
z Heave Z w z
Rotational X Rf’“ K H 2
motion y Pitch M q 0
Z Yaw N r "

The equation of motion of the UG uses the six-DOF motion equation of a general submersible,
as shown in Equations (8) [17]. The equations of motion are expressed in terms of forces and moments
because of a significant number of hydrodynamic coefficients.

mlu —vr + wqg — x(q* +r?) + y;(pq — ) + z;(pr + @] = X
m[Ww —uq + vp — z;(p* + q*) + xc(pq —7) + ys(pr + )1 =Z

m[Ww —uq +vp — z;(p* + q*) + xc(pq —7) + ys(pr + )1 =Z

8)
Lp+ (Iz — Iy)qr +mly;(W—uq+vp)—zg(v—wp+ur)] =K

L+ (I — L)rp + mlzg(@ —vr + wq) —xc(W —uq + vp)] = M

L7+ (Iy - Ix)pq +mlxs(v —wp+up) —y;(—vr+wqg)]=N

Here, u, v, w and p, g, r represents the UG angular velocity of translational and rotational motion for
the axes x, y, z respectively. [;; represent the mass moment of inertia of the UG for the axis of each
subscript where x;, y;, z; represent the location of the UG mass center. X, Y, Z, K, M, N represents
the external forces and moment working on the UG for each motion direction such as thrust,
buoyancy, gravity, and hydrodynamic force [18].

The external force term can be divided into the contributing forces, as shown in the following
equations (9) and (10). Hydrostatic, inertial fluid, damping fluid, and control fluid forces, and
respective moments result:

Z FO = thdrostatic + Finertiul + Fdamping + Fcontrol (9)

Z MO = Mhydrostatic + Minertial + Mdamping + Mcontrol (10)

The following fluid force coefficients were obtained using empirical formulas for the hull shape
of the designed underwater glider [16]. Substituting each coefficient into an external force
component, Equation (11) result:

mlu — vr + wq — x5(q* +7%) + yc(pq — 7) + 25 (pr + q)]
= Xys + Xypulul + X0 + XwqWa + X4q99 + Xppvr + X1
) 2 2 . ) (11)
m[v —wp +ur —ys(r* + p*) + z;(qr — P) + x5(qp + 7)]
= Yys + Yo vlvl + Yol + Y0 + Vi + Vpur + Y,,,wp
+ Yyqrq + Yyuv
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m[w —uq + vp — z(p* + q*) + x;(pq — 7) + yc(pr + q)]
= ZHS + ZW|W|W|W| + ququIqI + ZWW + qu + Zuquq

+ Zypvp + Zpprp + Zyy,uw

Lp + (IZ - Iy)qr +m[y;(W —uq + vp) — z; (0 — wp + ur)]
= Kys + Kp|p|p|p| + Kzﬂj

Ly + (I, — I)rp + mzg (0 — vr + wq) — x(W — uq + vp)]
= MHS + MW|W|W|W| + Mq|q|q|Q| + MWW + qu + Muquq
+ My, vp + Myy7p + Myyuw + My, s u? 8

L7+ (I, — L)pq + mlxg (v — wp + up) — y6 (@ — vr + wq)]
= Nys + Ny v|v| + Npjpy7l7r] + Ny + Npio + Nyyur + Ny,,wp
+ Npgpq + Nyyuv + Ny 5 u* 6,

The center of mass (r;), mass moment of inertia (I;), and center of buoyancy (r3) change in real
time owing to the movement of the internal mass and the buoyancy control device.

myry, + Mgty + My, 1, ()

ro(t) = =~ (12)

Here m, is the total mass of the UG, m,, is the mass of the external hull of the UG, my is the mass
of the external hull of the UG and fixed components such as the internal control board and sensor
module excluding the internal variable mass, and m,, represents the internal variable mass,
respectively. 1y, 75, 7, is the center of mass of the hull from the origin of the hull fixed coordinate
system, and represents the position vectors from the center of mass of the fixed mass and the center
of mass of the internal moving mass, respectively. In addition, the total mass moment of inertia of
the underwater glider can be obtained as equation (13):

It(t) = (Ih - mhf'hf'h) + (Is - msfsf's) + (Im - mmf'm(t)f'm(t)) (13)

Here, Iy, I, I, represents the mass moment of inertia of the hull, the mass moment of inertia of the
fixed mass, and the mass moment of inertia of the internal moving mass expressed at each center of
mass. The operator ” is an operator that converts a vector into a symmetric matrix to express the cross
product of vectors.

I.(t) = (I, — mufyfy) + (Is — mfsfy) + (Im - mmf'm(t)fm(t)) (14)

Here, Vj;, represents the fixed volume of the submerged part of the UG at the stern side based on
the y-z plane of the hull fixed coordinate system, V,,,(t) represents the volume of the submerged
part of the UG on the bow side, which changes in real time according to the motion of the piston.
And V,(t) represents the total volume of the UG submerged in water. 7,,,(t) is the position vector
from the origin of the hull fixed coordinate system to the center of the volume of the front part V4, (t)
and can be obtained through the position of the piston of the buoyancy control device that changes
in real time. And 7y;, represents the position vector of the rear part Vs, of the UG up to the center
of the volume. By applying Equations (22), (23) and (24) to the nonlinear six-DOF motion equation,
it is possible to describe the underwater motion of the glider according to the internal moving mass
and buoyancy control [19].

doi:10.20944/preprints202309.1390.v1
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4. Experiment

4.1. Gliding experiment

In this section, experiments were conducted in real waters to verify the movement speed derived
from the design and modeling of the UG above. The test site was conducted in 1,000 m or more deep
waters near Ulleungdo, South Korea. As for the experimental method, the results were confirmed
after circumnavigating the UG once at a target depth of 250 m. When the UG floated to the surface
after circumnavigating, it received internal measurement data through RF communication. Figure 12
shows the UG performing a circumnavigation experiment.

Figure 12. Gliding experiment of UG.

Figure 13 shows the water depth values obtained between UG circumnavigation.
Approximately 300 s after the start of the experiment, the UG started submerging in the direction of
the sea floor due to the change in buoyancy. At approximately 800 s, the buoyancy engine started to
turn upward, and the change in water depth became gentle, and after reaching the maximum depth
of approximately 260 m at 1,000 s, the hull started to float. It takes approximately 1,900 s to
circumnavigate the depth of 260 m once.

300 T T T T T T T T T

250

200

Depth [m]
) I
o (o]

50 . I | I | . | . I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time [s]

Figure 13. Depth result of UG while gliding.
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Figure 14 shows that the UG controls the posture using the posture controller between
circumnavigation. The previous speed analysis confirmed that the maximum moving speed was
reached during circumnavigation at approximately 40°. Therefore, the pitch was controlled to +40°
during the circumnavigation. The target pitch was set to +40° in consideration of the AoA at the angle
derived from Figure 7. When diving, it was well controlled to the target value of -40°, and when
ascending, the pitch was not controlled to +40° at the beginning and was controlled late. This seems
to be a phenomenon that appears because the buoyancy control of the buoyancy engine takes some
time.

60

Angle [deg]

Pitch
— — — Desired pitch

60 . . | | . | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time [s]
Figure 14. Pitch result of UG while gliding.

UG is sensitive to weight increase, and since it is a device that needs to minimize battery
consumption, it cannot be equipped with a sensor such as DVL to measure speed. Therefore, the
moving speed of the UG was calculated using a depth sensor and a digital compass, and the UG
moving direction and sliding slope can be expressed as shown in Figure 15.

’,”Gliding slope

Figure 15. Coordinates frame of underwater glider.

The calculation of the moving speed in the moving direction of the UG can be expressed as
Equation (15) below:
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_ Zt — Zt—s
—sin(8 x 7/180)

(15)

Here, t is the current time, s is the sampling time, z is the depth, and 0 is the pitch value. To
simplify the movement speed calculation, only the pitch was considered in the posture drawing, and
the absolute value of the pitch within 10° was calculated by substituting 0°.

Figure 16 shows the movement speed of UG calculated using Equation (15). It accelerated from
approximately 300 s and achieved the maximum moving speed of 2.11 knots at 430 s. After
maintaining approximately 1.8 knots until the upward transition, the movement speed increased
again to approximately 1.5 knots after the movement speed fluctuated during the upward transition.
At 1,500 s, it floated to the water, and the movement speed converged to almost 0 knots. The moving
speed drops to a negative number in the 800-1,000 s section because the buoyancy engine's buoyancy
control was slow. Thus, the motion change could not be accelerated except for the part where the
motion of the UG changes (up-down transition), the average moving speed is confirmed to be 1 knot
or more. According to the experimental results, similar to the results analyzed in the design, it was
confirmed that the maximum moving speed of the UG was 2 knots or more, and high-speed
circumnavigation was possible.

Velocity [knots]
‘
‘

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 16. Velocity result of UG.

5. Conclusions

In this study, a UG capable of cruising at a maximum speed of 2 knots or more was designed
and manufactured according to the characteristics of the Korean peninsula. The maximum movement
speed of the UG was studied by comparing the mathematically calculated results with the actual sea
area experimental results.

The steady-state motion in water was estimated by considering the lift force, and the buoyancy
control capacity was calculated to obtain the target maximum moving speed of 2 knots. The
submerged angle was calculated as 35°—40° from the circumnavigation trajectory to create the optimal
motion state. In addition, the hull outline was designed using empirical formulas, and the reliability
was secured by obtaining a resistance coefficient equivalent to that of the existing commercial
underwater vehicle through CFD. Reliability was verified by simulating the behavior of UG through
dynamic modeling by constructing a six-degree-of-freedom equation of an underwater body.

The movement speed of the UG was verified through the real sea area experiment. As a result
of the experiment, it was confirmed that the maximum moving speed, 2.11 knots, was reached during
submersion, and the average moving speed was over 1 knot except for the section where the motion
was changed. According to the experimental results, similar to the results analyzed in the design, it
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was confirmed that the maximum moving speed of the UG was 2 knots, and high-speed
circumnavigation was possible.

In this study, the speed measurement sensor was not installed as a spatial constraint of the
underwater glider. Therefore, a numerical calculation had to be performed to calculate the movement
speed. In future studies, we will compare the results by preparing the speed measurement sensor.
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