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Abstract—In this paper the idea to develop an underwater
drone optimized for shallow water, inland ports and small inlets
is shown. The vehicle should be simple and robust: a
mathematical part is included on the vertical balance to be able
to size weights and payload volumes.
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1. INTRODUCTION

This paper is part of several preliminary studies by
Underwater Drones Group (UDG) of the Science Department
of the Universita degli Studi “Roma Tre”, which is developing
a series of advanced Autonomous Underwater Vehicles
(AUVs) for the exploration of the sea at high depths. The final
aim of the general project is to create several platforms for
underwater scientific research that can accommodate a wide
range of different payloads optimized for the most usual tasks
[1]-[12]. The underwater vehicle was named Albacore
(Thunnus Alalunga) due to the extreme similarity in both size
and shape with the tuna well widespread in the Mediterranean:
it was designed for use in shallow, high turbulence waters,
often in the presence of natural obstacles (rocks and shoals)
but also wrecks or breakwaters, etc. For all this reasons, it has
been equipped with two powerful engines that operate
counter-rotating propellers and an elliptical wing, sturdy and
stiff [13]-[18].

II.  THE VEHICLE

Figure 1. Four views of the AUV Albacore.

The vehicle is a cylindrical AUV, with an annular wing
and propelled by a double electric motor. Let's look at its
detailed description (see Figure 1).

A. The Fuselage

The fuselage of the Albacore (see Figure 2) is roughly
cylindrical, composed of milled aluminium 6061 class: in the
front, we have an elliptical radome act to contain the payload
that consists on several biochemical sensors arranged in a
"nostril" that has the purpose of protecting the instrumentation
without exposing it directly to the outside [19]-[27].

In the lower section, there is a transparent porthole in
polymethylmethacrylate (Plexiglas): it is the window for the
camera (GoPro class) and the relative lighting system.

The central part supports the supports of the elliptical wing
and is further stiffened by a series of internal battens. The
terminal cone (this too stiffened in the same way) supports the
fletching and the thrust of two counter-rotating propellers
[28]-[35].

e

Figure 2. Cross section of the AUV Albacore: the interior arrangement of the
vehicle is visible.

The fuselage is composed by four coaxial cylindrical
compartments (or bays):

e Payload bay

e Navigation bay
e Engines bay and
e  Propulsion bay.

B. Payload Bay

The Payload Bay is, in essence, a "radome", which
contains the "nostril" (see Figure 3) whose channel in turn
houses the chemical and biological sensors: the data collected
are managed by a PC-104 computer card, which also has the
task of sending them to the central computer (Arduino) [36]-
[42]. The nostril is inclined of 20° so that its flow is the least
disturbed possible and its discharge flow does not create
turbulence or disturbance to the flow of the elliptical wing.
Below, there is the corresponding window of a digital camera
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(Go-Pro class): in anticipation of its use for visual inspection
and automatic recognition of objects at depths, which,
although modest, could be lacking in sufficient light, on the
bulkhead will be mounted a 10° candle, flat LED. Lighting for
the camera is important in the case of operation in the low
waters of the ports, notoriously turbid or in co-current sources
coming from silty river mouths [43]-[46].

Figure 3. The drone in “nose up” attitude (upper) side view, (lower)
prospective view.

C. Navigation Bay

The Navigation Bay contains two Arduino units: due to
their quality level COTS (Commercial Off-The-Shelf), it was
decided to put them in Main and Redundant configuration.
The second unit (redundant) is placed in "hot strand by", that
is to say, despite being fed and while managing the same data
flow, it is not called to play the role of OBDH (On Board
Computer and Data Handling) as instead the Main Unit does:
this allows, in the event of a malfunction, to take over the latter
in a completely transparent manner to the rest of the devices
to which they are interfaced (see Figure 4). The bay also
contains the two main rechargeable batteries: one supplies
power to the ODBH and the other to the payload. The
differentiation was necessary due to the fact that, in the event
of a serious failure of the first battery, the second,
disconnecting all non-essential services, can supply the energy
needed by the Arduino computer to be able to lead the vehicle
to the surface and to manage any recovery procedures.

D. Engines Bay

The engine bay contains two identical but counter-rotating
electric motors (CW and CCW) which in turn operate the two
propellers, also these counter-rotating. The movement is
transmitted by two concentric drive shafts: the first (CW) is
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internal and moves the propeller at the end, the second (CCW)
is hollow and allows the rotation of the first and moves the
propeller closer to the hull. Due to the length of the drive
shafts, two bearings were placed to attenuate any vibrations,
one at the auxiliary battery cluster and another near the tail.

E. Propulsion Bay

The propulsion bay contains first and foremost the battery
cluster, the drive shafts of the engines, the fletching and the
two counter-rotating propellers. The battery cluster is
composed of a canister that supports 12 "D" type accumulators
of a completely different technology compared to the two
main batteries so that, given the same environment, it has a
completely  different  reliability = (electromechanical
degradation) response. Thanks to a small engine, it is possible
to slide the chassis backwards so that the centre of mass of the
vehicle moves quite far from the hydrostatic centre and so the
hull can assume the "nose up" position for biochemical
measurements (see Fig. 4).

Figure 4. Prospective cross section of the AUV Albacore: the interior
sections and supports are visible.

The cruciform flutes have no dihedral and have been
prolonged to act as a guard for the propellers, thus preventing
them from being sized in the presence of tufts of algae or
wandering nets. Finally, the propellers are counter-rotating in
order to counteract the strong torque of the engines, which are
especially slow-moving because we are in the absence of a
large wingspan that can counteract them. The terminal
propeller has an angle of attack greater than the previous one
in order to have the same performance as the previous one,
being lapped by a flow already in rotation.

F. The Wing

Following a careful study, an elliptical annular wing was
chosen for the vehicle: the peculiarity of the configuration was
dictated by very strict requirements. First of all, with this
solution we have practically halved the wingspan, greatly
reducing the moment of inertia on the longitudinal axis: this
apparent "introduction of instability" is largely compensated
for the presence of spoilers that guarantee the vehicle's
dynamic stability. One of the possible applications of the
AUV is that of the underwater inspection of fishing nets,
submerged systems and submarine cables: the fact of having
a ring-shaped wing guarantees the fact that it does not get
caught in possible underwater obstacles [47]-[50].

Among the main requirements, it was considered that the
vehicle can be used by unskilled personnel with equipment not
specially adapted: it will be sufficient, therefore, to be able to



set sail on board, to have a simple winch: in this case the wing
has been strengthened to operate as a "bumper" and withstand
without damage possible minor bumps against the ship's rail.
Last but not least, the elliptical annular wing gives the vehicle
great dynamic stability, a modest induced resistance, a
dimensional compactness: this is supported by four cross-
shaped bracing that also act as a further element of stability.

III. DYNAMIC FORCE BALANCE

In this section, we consider the drone emerging at constant
speed (see Fig. 5).

Figure 5. AU VAlbacore:fbrce balance on the XY plane.

At the equilibrium, the dynamic on the xy and yy axis are,
at constant speed:

{0 =Tcosy—D
0=Tsiny + L — Wy,

M
Where

T : thrust

D : drag due to the shape of the vehicle

v : drone relative speed (refer to water)

L: lift

y : angle of attack

W;o¢ : total weight
The complete expression for the drag is:

D= % pv2SCp )

where:

p : seawater density (average 1.025 kg/L)

S : drone wing surface

v : drone relative speed (refer to water)

Cp : coefficient of drag

According to Taylor method [51], the last member can be
separated in:

Cp = Cp, + Cp,y €))
where:
Cp, : coefficient of drag at y = 0
C b, * coefficient of drag at y # 0

so the (2) becomes:

D= % pv2S (CD0 + CDyy)

The expression for the /ift is:

1
L= E’DUZSCL

where:

C, : coefficient of lift
According to Taylor method as per Eq. (3):
CL=0Cpy +Cy
where:
Cy, ® coefficient of liftat y = 0
CLy : coefficient of lift at y #0

so the (5) becomes:

L= %psz (CLO + CLyy)
For the weight we have
Wiot = Wow — Bgp
where
Wpy * dry weight of the drone
B : buoyancy of the drone

so, for the (1) we have:

1
0= Tcosy—ipv S(CDO +CDyy)

1
0=Tsiny + EpUZS (CLo + CLyy) — Wpw + Bgp

Now we evidence the thrust:
1,
T cosy = +Epv S (CDO + CDyy)

1
Tsiny = —EPUZS (CLO + CL),)/) + Wow — Bgp

so:
1 2
- +7pv S(CD0 + CDyy)
- cosy
1 2
LT _TpveS (CLO + CLYV) + Wpw — Bgp
a siny

Upper and lower member are the same, so:

1
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1 .2
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Now, in order to isolate the angle of attack:

1
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Then

1
—?pUZS (CLO + CLyy) + WDW - BGB

+%pv25 (CDO + CDyy)

In case of “straight and level” trajectory we have y =0 so

(14)

tany =

1
_jPUZSCLO + Wpw — Bgs

0= 1 15)
+7pszCD0
and
1
0 = _EPUZSCLO + WDW - BGB (16)
Posing
1
K= EpSCL0 17)
we have:
K* Uz = WDW - BGB (18)
so for the speed:
v= 19)

In, the graph in fig. 6, we see the trend of the function:

Speed vs. Drone Buoyancy

(WDWIk)UZ \

>

Bes Wow = Bes

Figure 6. Qualitative trend of the function Speed vs. drone buoyancy.

The limits for v are:

O<v<

WDW (20)
K

the speed goes from zero to the maximum: this does not
mean that the drone cannot go at higher speeds but only that it
is the limit for leveled "flight". To reach higher speeds in
horizontal paths it is necessary to choose negative angles of
attack because the lift of the wing would bring the vehicle
upwards.

The limits for By are:

The variation B, of buoyancy is obtained by means of a
small external bladder which is filled and emptied of oil if
necessary by means of a small electric pump. Its limits are
absolutely evident: a bladder that gives a hydrostatic thrust
greater than the weight itself would lead the drone to float on
the surface without construct. The zero limit, on the other
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hand, can be overcome by appropriately ballasting the drone
and obtaining a negative buoyancy: also in this case we will
have that the vehicle is over ballasted and would sink directly.
This type of set-up is allowed for a sub-glider but not for a
classic drone.

IV. CONCLUSIONS

In this paper we have defined the general architecture for
an underwater drone that is optimized for shallow water,
inland ports, small inlets. The vehicle is simple and robust and
divided into four main sections: Payload bay, Navigation bay,
Engines bay and Propulsion bay. The study of balance on the
vertical plane shows that the volume of the bladder must be
well calculated otherwise it could interfere with the maximum
vehicle speed.
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