
589

1. IntroductIon
Although, water bodies cover almost 71 per cent of 

earth’s surface, so far only around 5 per cent of the world’s 
water bodies have been explored, i.e. Oceans, seas, rivers, 
great lakes, etc. They are critically important to all the known 
forms of life and forms part of the carbon cycle, and influences 
climate and weather patterns. They are also habitat for variety 
of species, minerals, ores and this scenario demands that they 
are surveyed and mapped for efficient utilisation of underwater 
resources. Furthermore, the coastal security of nations also 
demands constant surveillance and defence capabilities that 
can be deployed along the coast and deep in to the ocean/sea/
lake, e.g. 0 m to 100 m low operating water depth (h), 100 
m to 400 m medium (h), and higher than 400 m is high (h). 
Additionally, in high operating water depths, there are: high 
( 400 3000m h m< ≤ ), very high ( 3000 6000m h m< ≤ ) and 
ultra high ( 6000h m> ).

Primarily, the underwater vehicles (UVs) are aimed 
towards the ocean related applications. Their applications 
include both the civilian and naval operations and they can be 
classified into: Tethered and un-tethered vehicles and further 
based upon their sizes into: Vehicle - large size, and Glider 
- small size. A tethered vehicle can use the umbilical cable 
for drawing the power and/or real time data transmission. An 
un-tethered vehicle needs to carry power on-board in form of 
batteries and for them total installed on-board power is critical. 
Furthermore, the UVs are restricted in the size. And, because 
of this limited size they cannot accommodate a large space 
exclusively for the power storage. Also, the UVs are designed 

to maneuver, change depth, launch/recover, sit/crawl/move on 
ocean/sea/river bed and hover at some specific water depth. 
These operational capabilities imply that the design of UVs is 
flexible in the weight and or buoyancy. 

Technically, for any floating or submerged body its 
buoyancy can be changed through operation of a thruster. 
However, it has disadvantages: high power consumption by 
the thrusters and depending upon the thrust direction adverse 
effect on drag and weight. In this regard, although the efficient 
control of buoyancy through flexible buoyancy system (FBS) is 
gaining critical importance in applications, the design process 
is not known and the existing research results only present the 
design summary, rather than the design approach1-3. Encouraged 
from the critically important need towards the design and 
development of new generation energy efficient AUVs/AUGs 
and to address the gaps in research, we present an integrated 
design approach. Herein, we aim to explore a computing based 
integrated design approach for a FBS targeted towards the 
applications in autonomous underwater vehicles/gliders. 

2. IntEGrAtEd dESIGn ModEL
The integrated design model is integrated with the basic 

design requirements of UVs, e.g. total change of buoyancy 
required, rate of change of buoyancy required, and depth of 
operation, etc. These are represented in the CAD model. The 
implementation is done in the Matlab*TM and the overall design 
approach is as shown in Fig. 1 (a) and the control system 
architecture in Fig. 1 (b).

Our design model and methodologies are built on the 
principles of engineering and fluid mechanics4-6 and the details 
are reported in Appendices A.1 and A.2.

We focus on two design alternatives: Piston operated FBS, 
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and pump driven FBS. The main components of piston operated 
FBS are:  linear actuator, cylindrical ballast tank, flow control 
valve, piston actuating inside ballast tank, DC motor, and the 
check valve, etc. These details are as shown later in Fig. 4 (a). 
The size of cylindrical ballast tank is a function of capacity of 
the required buoyancy change. The primary function of linear 
actuator is to transfer the rotary motion of motor shaft to the 
motion of translation of piston actuating inside the cylindrical 
ballast tank, i.e. to convert electrical energy to mechanical 
work. In our work, the size of ballast tank is computed by 
optimising length (l) to diameter (d) ratio of the ballast tank. 
The computed l/d ratios for the required capacities of 10 kg and 
18 kg are as shown in Figs. 2 (a) and 2 (b) and we can observe 
that a favourable range of the l/d ratio is 1.30 - 1.90. 

Normally, a fluid will move from high pressure to low 
pressure and this concept is utilised to ballast the UV. In this 
process the fluid potential energy (i.e. hydrostatic pressure) 
will be converted into the kinetic energy of the fluid, which 
can be used for free filling the ballast tank in order to change 
the buoyancy. This can be written as follows:

Fluid Kinetic Energy Fluid Potential Energy=
 

21 ( )
2 fluid o i fluid a iv P P P g h P Pρ × = ∆ = − = ρ × × + −       (1)

assuming that the i aP P= , then we get the following:

2v g h= × ×                                                                 (2)
and the mass flow rate through the valve can be given as 
follows:

2

4fluid valvem d vπ
= ρ × × ×

                                                  (3)

and now from Eqn. (3) we get the following:

/
4valve fluidd m vπ = ρ × × 

 


where oP  is the pressure outside the ballast tanks and it is 
equal to the sum of hydrostatic and atmospheric pressure, iP  
is the pressure inside of the ballast tanks, aP  is the atmospheric 

pressure, fluidρ  is the fluid density, h  is the depth of operation, 
g  is the gravitational acceleration, valveA  is the valve area,  v  
is the fluid flow velocity and valved  is the valve diameter. The 
computed ratios of the depth versus diameter of flow control 
valve for various mass flow rates are as shown in Fig. 3 (a). 
Here, our aim is to show that when the ballast tanks are filled 
freely or emptied freely then how the diameter of the flow 
control valve is required to be changed to either decrease or 
increase the buoyancy. The values of the required thrust (T) 

Figure 2. computed l/d ratios for the (a) 10 kg and (b) 18 kg 
capacity ballast tanks.

Figure 1. (a) descriptions about our conceptual design approach and (b) control system mechanism of ballast tank.
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are computed using a procedure from Wang7, et al. and this is 
written as follows:

2 2

( )

(0.25 ) ( ) (0.25 )
T cp a fluid

a fluid

T P A P g h

d P g h d

= × = + ρ × × ×

π× = + ρ × × × π×      (4)

and the net buoyancy of piston operated FBS  ( PBFBSB ) is 
defined as follows:

2

3

4

4

PBFBS fluid vp

fluid vp

fluid vp

B

d l

d k

= ∀×ρ × h

π
= × × ×ρ × h

π
= × × ×ρ × h                                        (5)

and now by using Eqns. (5) in (4), we get the following:

( )
( )( )2/3

0.25

/ 0.25

a fluid

PBFBS fluid vp

T P g h

B k

= + ρ × × × π×

π× ×ρ × h                         (6)

where TP  is the total pressure, cpA  is the cross-section area of 
the piston moving inside the cylindrical ballast tank, k  is the  
length to diameter ratio of the cylindrical ballast tank, vph  is the 
volumetric efficiency of the piston operated FBS (i.e. the ratio 
of the volume of cylindrical ballast tank which can be filled/
emptied to control the buoyancy to the overall volume of the 
piston operated cylindrical ballast tank) and other parameter 
are same as define before. From Eqn. (6) we observe that the 
required thrust at piston head is the function of ballast tank size 
and depth of operation and that increases with increase in depth 
of operation or with increase in capacity of the ballast tank. 
The thrust required at depth of 6000 m for a cylindrical ballast 
tank of capacity 18 kg at k  = 1.46 is 3.3 mN, i.e. 3300 kN. The 
computed thrusts required versus depth for various capacities of 
ballast tank are as shown in Fig. 3 (b). Furthermore, the variation 
of depth versus thrust at various k is as shown in Fig. 4 (c). We 
can observe from Fig. 4 (c) that for a cylindrical ballast tank of 
the capacity of 18 kg, the thrust required at piston head is very 
high at the operating depth of 6000 m with k  = 1.3 than with 
k  = 1.9, e.g. with k  = 1.9, at the operating depth of 6000 m 
the thrust is 2.737 mN and it is 788 kN less than the thrust with 

k = 1.3. However, it needs to be noted here that still the required 
thrust for piston driven system is very high and it increases 
exponentially with operating depth. Hence, we cautiously 
conclude that the piston driven system is energy efficient only 
at lower ranges of operating depths and for the higher ranges a 
pump driven system offers better energy efficiency.

Now, on a general note, for a piston based system we can 
see that the required thrust capacity is very high. Therefore the 
design of linear actuator which can produce this thrust will 
demand a large length and that will be difficult from strength 
and cost points of view. Furthermore, a large piston length 
cannot be accommodated inside a short vehicle. Also, a large 
linear system will have high chance of failure because large l/d 
ratio implies that the piston will tend to behave like a slender 
structure and under the requirements of high speed of movement 
and thrust it will likely fail in buckling. Hence, we cautiously 
conclude that the piston operated FBS can be used for fast 
buoyancy control, but it is restricted to small buoyancy capacity 
and low to medium range of depth of operation, i.e. less than 
400 m. On the other hand, the pump driven FBS can be used 
for large buoyancy capacity and high depth of operations, i.e. 
more than 400 m.

In any FBS, the essential systems are: piston/pump with 
either hydraulic or mechanical actuation, direct current motor, 
valves for controlling incoming water and/or releasing water 
and mechanism for pressure control. In our designs the pump is 
with hydraulic and the piston is with mechanical actuations and 
water entry and exit are controlled through valves. The tanks 
are of e-fiber or glass fiber materials and of spherical shape for 
the pump driven FBS. The buoyancy is varied by changing the 
volume of water in the tanks. In the pump operated FBS, the 
main components are: Pump, a direct current motor, control and 
relief valves, and pressure intensifier. In our design, alternatively 
the water is drawn from the tank and pumped outside and via the 
processes of ‘pumping out’ and ‘pumping in’ with the reverse 
process, i.e. the buoyancy is varied by either ‘pumping in’ or 
‘pumping out’ the water in to/from two spherical ballast tanks.

We assume that the half-filled tanks result into the neutral 
buoyancy of AUV and then we analyse the design for varying 

Figure 3. (a) Computed depth versus diameter of flow control valve for various MFRs and (b) Computed depth versus thrust required 
for various capacities of ballast tank.
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ambient conditions.  The pump is highly powered and controlled 
either autonomously or in the master/slave mode through an 
embedded command system interface. The FBS is designed 
to ‘pump in’ and ‘pump out’ seawater from a ballast tank to 
the ambient and in this process the buoyancy is changed, i.e. 
either increased or decreased or kept neutral. The process of 
‘pumping in’ is implemented through a valve of diversion. The 
fluid circulation around a circuit is used to actuate the pressure 
intensifier through hydraulic process and the motor drives 
pump, pump drives the pressure intensifier and the sea water 
is pumped out from the ballast tank. The conceptual design is 
as shown earlier in Fig. 1(a) and we control the system through 
a ‘micro chip enabled controller’ and ‘electronic pressure 
transducer’ that measures pressure. In the mode of stand-alone 
operations, a schedule of the mission is designed in prior through 
pre-programming. This pre-programming is implemented 
through command system architecture and stored on a memory 
card and read with an embedded software application. Also, 
this approach of pre-programming is used to select the initial 
parameters to start the operations and control the pump, motor 
and the operation of schedule. If the FBS is not required the 
program enters into the ‘low power mode (LPM)’ and enters 
into the mode of re-activation depending upon the operation of 

schedule. In the master/slave mode a command system protocol 
can be used for direct command control resulting into targeted 
command transfer from the AUV/AUG to the FBS and this 
result into direct control of the FBS. The primary specifications 
of the pump operated FBS are as listed in Table 1.

3. dESIGn concEPtS, APProAcHES And 
SIMuLAtIon rESuLtS
In the pump operated FBS, the selection of pump for 

FBS mainly depends upon: Pressure against which it works 
and the mFR required. The other parameters that influence the 
selection are: Property and characteristics of fluid, i.e. density, 
viscosity, temperature, and corrosiveness, etc. The pumps are 
mainly classified: Positive displacement pump - PDP - (equal 
amount of discharge for each revolution) such as lobe pump, 
vane pump, and gear pump, etc.; and non-positive displacement 
pump - NPDP - in which volume of flow discharge is not constant 
such as centrifugal pump. The PDP is used for small volume 
discharge at high pressure and the NPDP is used for heavy 
amount of discharge and it works well even at low pressure as 
compared to the PDP. In our work we focus on PDP and the 
classification of PDP is adopted from Petersen and Jacoby 8 and 
accordingly it is listed in Table 2. 

Figure 4. (a) details of the major component of piston operated FBS, (b) depiction of the ra, rd and D etc. for the pump, (c) Variation 
of depth versus thrust at various l/d ratios, and (d)  A typical cross section of external gear pump adapted from Liquiflo13 
and Karassik14, et al.
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In Table 2, the A, E, G and P stand for the average, excellent, 
good and poor performance indices respectively. We can clearly 
observe that for high pressure difference, the external gear pump 
is excellent and for the pump operated VBS to be used at high 
water depth the external gear PDP is the most suitable option. 
Following Worall9, et al. we define the following:

- Rate of change of buoyancy ( B ± ): mass flow rate of 
external gear positive displacement pump

=
act fluid design fluid volQ N Q N× ×ρ = × ×ρ × h                       (7)

where volh  is the volumetric efficiency of external gear positive 
displacement pump and from AIChE10 it is defined as follows:

design slipact
vol

design design

Q QQ
Q Q

−
h = =                                           (8)

where actQ  is the actual displacement volume by the pump per 
revolution (ml/rev), slipQ is the amount of volume slip back from 
pressure to suction side due to low viscosity of the fluid or very 
high differential pressure, designQ  is the designed displacement 
volume of pump (ml/rev), N is the speed of motor (rpm) and 

fluidρ  is the sea water density.
Now, following Egbe11 and Chapple12, for the design of 

external gear PD pump we define the following:
2 2 2 2( ) / 2 (9 2.35) / 8design a dQ b r r b D n n= π× × − = π× × × −    (9)

0.5 , 0.5 , / , 1.25 /a dr D a r D c a D n c D n= + = − = =          (10)
where b  is the face width, n  is the number of teeth, ar  is 

the addendum radius, dr  is the dedendum radius, and D  is the 
pitch circle diameter. The detailed description of the ar , dr  and 
D , etc. is as shown in Fig. 4(b) for the pump. A typical cross 
section of the external gear pump adapted from liquiflo13 and 
Karassik14, et al. is as shown later in Fig. 4 (d).

The variations in pump speed and on-board voltage with 
an increase in the ambient pressure are as shown in Figs. 5 (a) 

and 5 (b), respectively. The power supply from electrical control 
panel to the FBS is through a cable. The voltage monitoring is 
done for onboard panels and based upon the onboard voltage 
the pump speed is regulated. The initial setting of pump speed 
is done at the pre-selected ambient pressure and later when the 
ambient pressure increases then the total work required for 
pumping out the water increases, e.g. at the zero bar ambient 
pressure the pump speed is set at 1200 rpm with 21 V and this 
value is based upon the specifications that we are taken from 
the product catalogue of the motor GEmS15 and ATO16 . 

The onboard voltage is expected to vary with changes 
in the ambient pressure, i.e. the voltage will decrease with an 
increase in the ambient pressure. It happens because the required 
power to change the buoyancy increases with an increase in the 
ambient pressure and the current drawn by the motor of pump 
also increases. This increase in the drawn current, results into 
the decrease in voltage. Overall efficiency oh  of the FBS is 
defined as the ratio of the output power (i.e. power delivered) 
to the input power (i.e. of the sum of the delivered power at a 
specific depth of operation and the power required to overcome 
the frictional/constant loss flW ) and now we define the oh  as 
follows:

( / )

out
o

in out fl

fluid fluid

out fl

fl

W p A v
W W W

g h m
W W

m g h
m g h W

∆ × ×
h = =

+

ρ × × × ρ
=

+

× ×
=

× × +







                                     (11)

where p∆  is the differential pressure, A  is the cross-sectional 
area of the exit section of the pump, v  is the flow velocity, 

outW  is the power delivered, fluidρ  is the fluid density, g  is the 
gravitational acceleration, h  is the depth of operation and m  is 
the mass flow rate. As shown in Eqn. (11), oh  of the FBS varies 
with the ambient pressure and at the low ambient pressure 
the system requires high power to counter the friction losses 
than the power delivered. If the ambient pressure increases, 
the power delivered increases but the friction losses remain 
constant. This will result in an increase in the system efficiency 
and this is as shown in Fig. 5 (c) for three different  flW . These 
result in to 75 per cent, 80 per cent and 85 per cent efficiency 
and required power versus speed at various depths of operation 
is as shown in Fig. 5 (d).

The variation of speed versus mFR for different designs 
of pump is as shown in Fig. 5 (e) and we observe that for a 
designed PDP of four different capacities (e.g. 1.2 ml/rev, 2.4 
ml/rev, 3.6 ml/rev, and 4.8 ml/rev) the mFR of pump increases 
with an increase in the speed of motor shaft that is connected 
to the drive gear of the PDP. The actual mFR of pump depends 
upon speed of the motor and volumetric efficiency of the pump. 
In this work we assume a volumetric efficiency of 80 per cent 
for the pump and with that we have report the results to control 
the mass flow rate and buoyancy of the vehicle.

Finally, the basic structure of micro chip enabled processor 
controller is as shown in Fig. 5(f). The basic architecture of the 
proposed computer aided design model of this work is modular 
and it is as  shown in Fig. 5(g).

Table 1. Specifications of the pump operated FBS.

Depth rating 6000 m
Buoyancy capacity (B±) 18 kg
Capacity of the ballast* 0.0219 m3

Actual capacity of pump (Qact) 1.2 ml/rev
Maximum speed 1200 RPm
mass flow rate 1.47 kg/min
Sea water density 1025 kg/m3

Power required 1.98 kW
*Total capacity of the ballast tank is higher than the buoyancy 
capacity of the tank because it can only be filled up to 80% only, 
i.e. considering the 20% margin for the ballast tank.

Table 2. Classification of the PDP

Positive displacement pump selection
type of Pd 
pump

Type of liquid Abrasive Differential 
pressurethin Viscous

Internal gear G E G G
External gear G G P E
Lobe A E G G
Vane E A P A
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Figure 5. (a-b) Variations in pump speed and on-board voltage with an increase in the ambient pressure, (c) Computed efficiency 
versus ambient pressure, (d-e) Required power versus speed at various depths of operation and of speed versus MFR for 
different designs of pump, (f) Basic structures of micro chip enabled processor controller, and (g) The proposed computer 
aided design model.
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4. concLuSIonS
This paper has presented a computing based simulation 

model for dynamic study of flexible buoyancy system (FBS) 
used for autonomous underwater vehicles/gliders (AUVs/
AUGs). We considered two primary design alternatives for the 
FBS: piston and pump driven and both have been investigated 
in this paper. We computed the primary design of AUVs/
AUGs from first principles of mechanics and have defined 
the basic design in the computer aided design model with 
implementation in Matlab*TM. Our model showed a seamless 
integration and through the presented design example for 
depth rating up to 6000 m we can conclude that the FBS is 
a feasible design concept which is applicable from low to 
medium to high ranges of operating depths. However, we 
have not reported a detailed energy efficiency analysis in  
this paper. 

An important limitation of the present work is that it does 
not optimise any parameters that might be of critical interest in 
the design of UVs, e.g. neither minimisation of system weight 
or energy consumption. From the long range and endurance 
perspectives, it is important to design a FBS that offers the 
desired +/- B with lesser weight and lower energy consumption. 
Also, cost can be other parameter of interest. Furthermore, the 
product realisation is to be explored in the future.
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A.1 Following Jensen17 and Dyer18, et al. for a submerged/
floating body the forces acting on it are defined as 
follows:

( )B G fluidB F F g M∆ = − = ∇×ρ −                               (12)
where B∆  is the net buoyancy force in kg, GF  is the 
gravitational force, BF  is the buoyant force because of the fluid 
on submerged/floating object, M  is the mass of the floating 
object, ∇  is the volume of the fluid displaced by the object, 
and fluidρ  is the density of the fluid. From Equation (12), we 
can observe that the B∆  can be controlled either by changing 
the M  or by changing the value of ∇ , because in general the 
fluid’s density cannot be changed. Again, it is difficult to change
∇  because for a submerged body it is equal to the volume of 
body itself and that cannot be changed, therefore in our work 
we focus on change in the M .

Appendix A

A.2 Now, for a piston operated FBS ( i.e. PBFBS), the net 
buoyancy can be controlled by either displacing the 
fluid from vehicle to outside (de-ballasting) or allowing 
fluid from outside to the vehicle (ballasting). The total 
buoyancy of PBFBS can be written as follows:

2

3

4

4

PBFBS fluid vp

fluid vp

fluid vp

B

d l

d k

= ∀×ρ × h

π
= × × ×ρ × h

π
= × × ×ρ × h                                      (13)

where vph  is the volumetric efficiency of piston operated FBS 
(i.e. the ratio of the volume of cylindrical ballast tank which 
can be filled/emptied to control the buoyancy to the overall 
volume of the piston operated cylindrical ballast tank), ∀  is 
the volume of piston driven cylindrical ballast tank,  l  and 
d  are the length and diameter of the piston driven cylindrical 
ballast tank respectively, k  is the length to diameter ratio of 
the piston and other parameters are as defined before.


