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ABSTRACT
This paper explains the development of an Automatic Buoyancy Control Device
(ABCD) for use in SCUBA diving. Today’s technology for buoyancy control is designed
using manual valves, which are controlled by the diver. It is proposed in this paper that a
device using electronic valves and a microprocessor could automate this process making
diving more enjoyable. This paper explains the development of a prototype and the
testing of that system. This paper also explains the important design issues that are
involved in the control of a buoyancy device. In this report ideas for a product are
discussed.
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1 INTRODUCTION
A SCUBA diver uses a device known as a buoyancy compensation device or
BCD to adjust buoyancy in the water. Divers controls the vest using a manual control
system that allows air to flow into or out of a bladder that then creates a buoyancy force.
The current technology works well but requires the divers constant attention due to the
difficulties of buoyancy control. These difficulties arise from the pressures that the
divers experience and the compressibility of the air in the bladder. The buoyancy
problem will be shown as an unstable balance of forces. It is proposed that this system
can be controlled using an automatic control system that would act much like the current
system but function without the need for the divers manual control. This system has
many advantages over the current system and will be a useful product in the SCUBA
market
1.1

Development
To design a control system the dynamics of the overall system must be

understood. The dynamic will be shown to be non-linear and will vary greatly depending
on different divers. It will be shown that the system is highly unstable and any
movement from the neutral position results in a displacing force.

1.2

Prototype
To test the various control designs a prototype was developed and a control

system was programmed to the processor. This prototype was developed to test various
control systems and test the dynamics of the system. A detailed report of the design and
construction of the control system will be laid out in this report.
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2 BACKGROUND
2.1

History of SCUBA
Scuba diving has been a popular sport for almost 60 years. Jacques Cousteau

revolutionized the sport by creating the first Self Contained Underwater Breathing
Apparatus (SCUBA) in 1943 [1]. Before the invention of the SCUBA apparatus, diving
was not considered a recreational sport due to complexity of using the equipment, which
provided air from the surface to the diver through the use of a pump. Figure (2-1) shows
a diving bell, which was one of the most common methods of diving before SCUBA was
created [2].

Figure 2-1 Diving Bell (from [2])
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Now, 8.5 million people actively SCUBA dive and its popularity is increasing.
More scuba divers are interested in underwater photography and more technical diving,
such as cave exploration. With this recent move to advanced diving and more interest in
the sport of scuba diving more products are being created to meet consumer needs [2].
Although new products are constantly developed the basic SCUBA technology has
changed very little.
2.2

Standard SCUBA System Components
A SCUBA diver has special equipment that is necessary to breathe under water.

As a diver increase depth pressure builds, if a person 1 meter deep were to try to breath
from a hose that was open to the surface they would find it difficult. This is because the
pressure in the water is much greater then at the surface and the person's lungs must
overcome that force to expand. SCUBA diving uses compressed air to breathe, a
regulator adjust the pressure that the air is forced into the divers body to be equal to the
surrounding pressure making the person feel as if there were no external force. The tank
that a diver uses has approximately 3000psi, which is regulated down to approximately
150psi by the first stage regulator. The second stage regulator is used as the breathing
device and varies the pressure to match that of the environment. Figure (2-2) shows the
standard SCUB apparatus with labels to the major components.

11

Figure 2-2 Scuba Apparatus

2.3

Buoyancy
Diving is sometimes considered as close to being in outer space as one can get.

This experience of being in another world comes from the feeling of weightlessness that a
diver experiences when submerged. The felling of weightlessness is a product of a force
known as buoyancy. Buoyancy was first discovered by Archimedes and is best described
as a vertical force applied to an object due to the volume of fluid it displaces.
If a Styrofoam sphere is placed in a bucket of water it will float on the surface. If
that same size sphere were made of steel it would sink to the bottom. The difference
between the two is weight; the force that causes one sphere to sink and one to float comes
from the water that they displace. Both spheres displace and equal amount of water,
which weighs an equal amount in both cases. If the object weighs more than the weight
of water it displaced it will sink and conversely is the object weight less then the water it
displaces it will float. When the weight of and object and the weight of water it displaces
are equal the object is said to be neutrally buoyant and will remain at any position in the
water. The Styrofoam sphere having less weight then the water is said to be positively
12

buoyant and tends to rise if submerged. The steel sphere weighs more then the water and
is said to have negative buoyancy. Figure (2-3) illustrates this phenomenon.

Figure 2-3 Buoyancy of Different Density Spheres

A person in water has a buoyant force associated with them. A human being
made of approximately 70% water is neutrally buoyant in water. A person unlike a solid
sphere can change volume while maintaining the same mass. As a person inhales and
exhales there lungs fill with air which is much less dense than water, thus increasing their
volume without changing their weight significantly. This causes the person to become
slightly positively or negatively buoyant depending on their lung volume.
2.4

Controlling Buoyancy and the BCD
Controlling buoyancy is the objective of a SCUBA diver. When a diver is

ascending to the surface, descending to a pre-determined depth or staying in one place,
buoyancy must be controlled. To do this, a device known as the Buoyancy
Compensation Device (BCD) was invented. The common BCD has a flexible bladder,
which holds air from the tank and a set of valves that controls the inlet and exhaust of that
air. Figure (2-4) shows a common BCD and the valve mechanism.
13

Figure 2-4 Basic BCD and Valve Mechanism (from [3])

This device makes a diver more or less buoyant just as the lungs do by taking in
or releasing air. By inflating the bladder with air from the tank the diver increases their
buoyancy, conversely by exhausting the air to the water the bladder will deflate making
the diver less buoyant. The inlet, which inflates the bladder, is connected to the tank
through a valve and is supplied with 150psi to force the air in the bladder against the
pressure of the water. The exhaust valve works in a different way, when the exhaust
valve is opened there is no difference in pressure between the inside of the bladder and
the outside water, so the air flows only due to the buoyant force of the air and its
tendency to rise. The diver must hold the controller hose above their head to release the
air contained in the bladder, and a BCD cannot work upside down because the air would
not come out.
BCD's are manual devices that require the diver to constantly adjust the buoyancy
of the device as to maintain buoyancy, ascend and descend. Many forms of sport diving
such as underwater photography and wreck diving require attention to things other than

14

the divers buoyancy. For many divers who use both hands this is a problem because the
controls on the BCD require that the person adjust them manually.
2.5

Buoyancy Problems
Regulating buoyancy using a BCD requires constant adjusting due to the

compressibility of air. If a solid object is neutrally buoyant in water then at any depth it
will remain neutral. BCD's are not solid and have the ability to expand and contract. If a
BCD is filled with a certain amount of air to make a diver neutrally buoyant at a specified
depth, the BCD unlike the solid will not be neutrally buoyant at another depth, this is
because air in the bladder is compressible. If the diver goes deeper than the neutral
depth, the water pressure will increase thus decreasing the volume of air in the BCD,
making the diver less buoyant and causing the diver to descend further. If the diver
wishes to remain neutral at that new depth more air is needed in the bladder. The exact
opposite is true in the positive direction. The air in the bladder will expand causing a
positive buoyant force and more air will have to be released. This unstable system can be
viewed, as a pencil standing on the tip is the pencil is moved in any direction it will the
system will become unstable. It is virtually impossible to remain neutrally buoyant
without adjusting the BCD. Figure (2-5) shows the unstable problem of a bladder filled
with compressible.
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Figure 2-5 Unstable Buoyancy Problem

Many diving accidents occur when divers ascend and descend too quickly.
Because the air in a diver’s lungs is under pressure, as the diver ascends in the water the
ambient pressure is reduced and the air in the divers lungs expands. If the diver does not
release the air, it could seriously damage the divers respiratory system. Air also increases
in volume in the blood if the diver ascends to quickly; this is a serous injury known as the
bends [4]. Descending to fast can cause discomfort in the sinuses and other areas and if a
diver descends to deep serious illnesses such as nitrogen narcosis can occur. Nitrogen
narcosis occurs when nitrogen is absorbed into the body making the diver less cognizant.
Nitrogen narcosis has many of the same symptoms as intoxication and has caused many
deaths [5].
2.6

Automatic Buoyancy Control
As a diver becomes more experienced the control of a BCD can be mastered and

the diver will only have to make small adjustments to maintain their buoyancy. In order
to aid less experienced divers, an automatic buoyancy control has been proposed that will
open and close the air valves to control the bladder volume thus controlling buoyancy.
16

The product would attach to the many existing bladders in place of the manual control
and run the basic functions of a BCD as well as control ascent and descent. To design
this system a model of the divers dynamics must be understood and a control system
must be developed to compensate for the dynamic force that a diver undergoes.

3 THEORY
3.1

The System
It is important to understand the dynamics involved in diving to develop a

controller that will allow for the control of depth. There are several forces, on a diver in
the water. If a diver is moving through water there is a drag force associated with the
motion due to the resistance of the water. If the diver is accelerating there is also an
inertial force resisting the acceleration, along with a buoyant force due to the water the
diver displaces. Gravitational force acts on the diver. Figure (3-1) shows the forces
acting on a diver. Summing these forces the dynamic system is developed.

Figure 3-1 Dynamic Forces a Diver Experiences
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3.2

Buoyancy force
Archimedes' principle states that: when a body is completely or partially

immersed in a fluid, the fluid exerts an upward force on the body equal to the weight of
the fluid displaced by the body. Archimedes principle is shown by the buoyancy force
equation 1 where V is the volume of the object, g is gravity and r is density.

F Buoyancy = V object × g × ( ρ water − ρ object )

(1)

This property of fluids leads to the development of buoyancy control using an inflatable
bladder. A diver carries lead weights to descend. The diver would then inflate the BCD
slightly so the buoyant force from the bladder would counteract the weights thus making
the diver neutrally buoyant. After the diver has done this by releasing air from the BCD
the diver will become less buoyant and by adding air the diver will become more
buoyant.
3.2.1

Pressure change in water

Water has an average density of 1000 kg/m3 of fresh water and 1023 kg/ m3 for
salt water. At the temperature and pressure ranges that are present in the world’s bodies
of water, the water can be modeled as an incompressible fluid. By modeling water as an
incompressible fluid it can be shown that as depth increases, pressure increases linearly.
Consider a column of water with an area of 1 meter. At a depth of 1 meter the weight of
water would be would be the volume of water times the density of the water, equation 2.

Area × Depth × ρ water = M

(2)

The force produced by the earth's gravitational force would be:
M water × g = Fwater

(3)

Pressure is a force divided by the area that the force acts upon. The area that the force
acts upon is the cross-sectional area of the column, solving for pressure as a function of
depth the equation becomes, equation 4:
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ρ water gh = Pr essure

(4)

Equation 4 shows that the pressure at depths varies linearly.
3.2.2

Compressibility of air

The air in the bladder can be modeled as an ideal gas. The ideal gas equation 5 is
where P is the pressure that the gas is experiencing, V is the volume of gas at that
pressure, m is the mass of gas contained, R is the universal gas constant which is a
property of the gas and T is the temperature of the gas.

PV = mRT

(5)

When diving, the gas remains at the temperature of the water. Due to relatively
slow movement in the water the air has enough time to stabilize. Therefore temperature
in the diving case can be considered constant and equal to the water temperature. If the
bladder is sealed and no air is input or released the mass contained can also be considered
constant. The universal gas constant for air is 287m2/(s2K). Solving for volume in
equation 5 as a function of pressure shows that volume is inversely proportional to
pressure.
The bladder holds the air at a pressure equal to that of the ambient pressure of the
water that surrounds the bladder. This is due flexibility of the bladder. The pressure on
the outside of the bladder has to equal the pressure on the inside or a force would be
applied to the boundary. Since the bladder cannot resist a force applied to the boundary
due to the material properties of the rubber the force on the outside must equal the force
on the inside. Figure (3-2) shows the forces acting on the bladder.
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Figure 3-2 Forces Due to Pressure on Bladder Walls

3.3

Combined Compress and Buoyancy
Showing that the air in the bladder has the same pressure as the external water

pressure equation's 4 and 5 can be combined to solve for volume of the bladder as a
function of depth, which is shown in equation 6.
V =

mRT
ρgh

(6)

As the diver descends, the volume of the bladder decreases. Figure (3-3) shows a bladder
at various depths and the volume of air held in the bladder at the different depths.
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Figure 3-3 Volume of Air at Varying Depths

Assuming that air weighs much less then water and combining equation 1 and 6 the
buoyant force due to the bladder can be found as a function of depth.
Fbuoyancy =

mRT
h

As seen in equation 7, force varies inversely with depth. This formula must be
simplified so that the system can be modeled using the available software. It is also
important that the system be easily modeled due to the limited computing power of the
processor used in the prototype. In order to model this system as a liner function with

21

(7)

respect to depth the system will be designed for a specific depth. The equation that will
be used in the system model will have the form:
Fbuoyancy = cx

(8)

Where c is modeled as a negative value reflecting the inverse relationship between
position and force.

3.4

Damping
As the diver moves through the water a drag force arises. The force is from the

waters' resistance to flow around the diver. A suitable equation relating drag force to
velocity must be found so that a control system can be developed. To simplify the
system, the diver is considered a sphere having a diameter of 1 meter. The velocities that
the diver will experience are from 0 to .5 meters a second. Using the Reynolds number
equation and the properties of water, Reynolds numbers can be found for the diver.
Re =

ρDv
µ

(9)

The Reynolds numbers for velocities of a diver ranging from .1m/s to .5 m/s are
100,000 to 500,000 respectively. Figure (3-4) shows a graph of coefficients of drag on a
sphere for varying Reynolds numbers. The drag coefficient does not vary much over the
range of Reynolds numbers that the diver will experience and the coefficient of drag is .5.
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Figure 3-4 Drag Coefficient at Various Reynolds Numbers

Fdrag =

C D ρ w v 2πd 2
8

(10)

This equation shows that the force varies as a function of velocity squared.
Because the force varies non-linearly it will be difficult to build a controller that can take
this into account. In order to model this system using the techniques and modeling
systems available, this equation will be simplified to a liner version for small velocity
ranginess. In order to make a model that shows the overall system dynamics the drag
force will be linerized with respect to velocity and have the form shown in equation 10.
Fdrag = bv

3.5

Inertia
An objects resistance to motion results in an inertial force. The inertial force is
described in equation 12:
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(11)

Finertia = ma

(12)

This term may be eliminated if it is determined that the force due to accelerating
the mass is small compared to the buoyant force and the drag force. For the purposes of
the modeling of the diver system, the inertia will remain in the dynamic equation.
3.6

Total System
The dynamic system can be formed by combining the damping, buoyant and

inertial forces to from a dynamic system of a diver with a flexible bladder and viscous
damping. The equation will take the form:

m&x& + bx& + cx = Force
This system is highly unstable and that any perturbation from the neutrally buoyant
position will result in a motion away from the neutral position. Solving the dynamic
equation for initial conditions, graphs show the instability of the system when a
perturbation is present.
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(13)

Figure 3-5 Plots of the Unstable Dynamic System

The graphs show that a small change in any of the three variables, acceleration,
velocity or position will result in an overall movement from the neutral position. The
graph however does not show the actual displacement because the system becomes very
unstable and the computations are not realistic as the variables move from the range that
of linerization.

4 PROTOTYPE DESIGN
A prototype was constructed to test the feasibility of the control system developed
in the theoretical section of this thesis. The prototype models the diver dynamics as well
as BCD dynamics. It also tested the feasibility of the control system and the use of
electronic valves to operate the BCD. The prototype consists of three main components:
the tank, bladder, and control system.
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4.1

Tank
The system did not require a diver due to the safety risks involved in testing a

prototype. To account for the dynamics of weight, the tank was determined to be an
acceptable approximation for the diver. By allowing the system to be separated from the
divers the tests were preformed safely.
The tank was an aluminum dive tank with a pressure of 3000psi and a compresses
air volume of 190 cubic feet. The tank provided the air to run the ABCD and along with
13 kg of weight. The tank was attached to a 1st stage regulator, which had a quickconnect hose on the 150psi outlet. The hose entered the control box and airflow where
the airflow is regulated and controlled.
4.2

Bladder
The bladder used was a rubber tube from a wheelbarrow. The tub would only be

partially filled and act as the bladder on a BCD vest which divers wear. Two holes were
placed in the tube so that an inlet and exhaust could be mounted. Figure (4-1) shows the
region where the holes were placed. The inlet fitting is 1/4" tube and the exhaust is 1/2"
tube. The fittings sealed the hole in the tube with two plates pressed together with silicon
sealant in between. A diagram of the design of the fittings is shown in figure (4-2)
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Figure 4-1 Bladder Hole Placement
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Figure 4-2 Bladder Fitting Design

4.3

Control Design
The control box handles all computation and valve actuation for the system. The

control box consists of three components housing, electrical systems and mechanical
systems. The electrical system has a pressure sensor input and outputs a voltage and
current capable of driving the solenoid valves. The electrical system also provides a user
interface that can be used to select desired programs and tests. The mechanical system
contains the piping and pressure regulation as well as the solenoid valves that control the
exhaust and inlet to the bladder. The housing provides the watertight seal and the hose
28

hookups necessary to transfer the air from the tank to the bladder and from the bladder to
the outlet. Figure (4-3) shows a schematic of the electrical and mechanical design.

Figure 4-3 Schematic of the Electrical and Mechanical Design

4.3.1

Electrical System

The electrical components in the control system include a microprocessor,
controller board, pressure sensor, sensor amplifier, and a switching circuit. The
microprocessor contains all the necessary programming to output to the display read the
amplified signal from the sensor and control the valves.
The microprocessor is an AT mega chip from ATMEL Corporation. The chip is
programmed in a form of basic specifically for this line of chips. The processor has 128k
RAM. Figure (4-4) shows the chip on the controller board used in the design of this
prototype. The controller board provided the necessary I/O ports.
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Figure 4-4 Controller Board and Atmel Processor

4.3.2

Pressure Measurements

Measurements of depth are taking using a pressure sensor mounted in the
Plexiglas cover. The pressure sensor was manufactured by Sensym Corporation and was
rated for a maximum pressure of 150psi. At the maximum recommended depth for a
recreational scuba diver (130ft) the water pressure is approximately 60psi, well within the
range of the pressure sensor. The sensor measured gauge pressure so that at sea level, the
gage reads an output a voltage that corresponds with 1 atmosphere of pressure. The
gauge uses a bridge circuit configuration with a resistor that changes resistance as a
function of strain. The sensor outputs voltages from 0 to 250 milivolts. Figure (4-5)
shows the sensor used in the prototype design.
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Figure 4-5 Sensym Pressure Sensor Used in Design

This voltage output is too low for the processor to read and so the signal is amplified. An
amplifier board was designed from the schematic provided by the manufacturer. Figure
(4-6) shows the completed board used in the prototype. The voltage output was changed
to a voltage range of 2 volts to 5 volts, which was an acceptable range for the processor.

31

Figure 4-6 Amplifier Board Design

4.3.3

User Interface

A user interface operates the prototype and to displays data on the status of the
controller. The processor controls an 80 X 4 character LCD display. The display is
designed with a backlight feature so that it can be easily read underwater. To change
programs and set values a menu system was developed and switches were used to jog
through the menus. The switches needed to be watertight and able to toggle up and
down. It was decide that magnet read switches could be operated from outside the
watertight container using a magnetic wand. A 3 X 2 array of switches was mounted on
the Plexiglas cover and could be controlled through the 1/4" thick glass. Figure (4-7)
shows the display and switch setup as well as lists the functions that each switch controls.
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Figure 4-7 Display and Switch Layout

The link between the mechanical and electrical system was a switching board
used to control the solenoid valves with relays. Because the solenoids required more
power then the processor could pass through it without damage, relays were required. A
small voltage and current from the processor allowed the relay to operate passing a much
larger voltage through to the solenoids. Figure (4-8) shows the switching board that was
used in the prototype. This system allowed the mechanical system to be controlled by the
processor.
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Figure 4-8 Switching Board

4.3.4

Mechanical System

The mechanical system used in the prototype controls the valves necessary to inlet
and outlet the air in the bladder. The mechanical system also provides safety features that
are important in the design; such as a pressure check valve and a 1-way valve. To inlet
air to the bladder the 150psi input opens and closes using the solenoid valve. The
exhaust airflow has a zero pressure differential between the air in the bladder and the
ambient pressure surrounding the balder as discussed earlier in this paper. The driving
force for airflow at the exhaust is buoyant force on the air.
The mechanical system can be separated in to two sections the high-pressure side
and the low-pressure side.

The high-pressure side allows air to flow from the tank to the

bladder and operates at a maximum pressure of 150psi. The low-pressure side opens the
exhaust valve, which has no pressure differential.
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4.3.5

Inlet Design

The valve, which controls flow into the bladder, is operated by a solenoid
controlled by the microprocessor. The pressure that inflates the bladder was regulated
using a regulator manufactured by Ingersoll-Rand, to lower the inlet pressure to 125psi.
From the regulator, the inlet was then inserted into a solenoid valve rated to 150psi. The
valve was manufactured by Ingersoll-Rand and operates on 2.5 watts at 5 volts. The
valve opens when power is applied and is closed when power is off. Figure (4-9) shows
the configuration of the valve and regulator used in the prototype.

Figure 4-9SolidWorks 2000 Model of High-Pressure System
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The manufacturer of the valve provides a flow rate diagram based on pressure
differential. The valve provides a maximum of 2.2cfm at a pressure differential of 125psi.
This data allows the computer to make an assumption for the mass flow rate of air and
timing necessary to control the proper mass in the bladder.
4.3.6

Exhaust Design

The buoyant force of the air in the bladder exhausts the air from the bladder.
Because the bladder is subjected to the ambient pressure of the water surrounding it, and
the bladder is flexible the pressure in the bladder is the same as the environment.
Without a pressure differential the air would have no force driving it out of the bladder,
but because density of the air is less than that of water a buoyant force is applied to the
air when the exhaust is open. BCD's also use this as the method of exhausting the
bladder.
The exhaust valve also serves as a 1-way valve so that water cannot flow into the
bladder and as a safety check valve. The safety valve insures that if a malfunction in the
high-pressure side causes air to flow into the bladder continuously, the bladder will not
explode. The safety valve should open if the pressure in the bladder reaches 10psi. The
1-way feature prevents water from back flowing into the bladder from the exhaust port.
This valve design also allows the solenoid system on the high-pressure side to
operate the low-pressure valve. The valve consists of a rubber ball 5/8" in diameter,
which covers a 1/2"tube. The solenoid actuator presses on the ball using a spring to keep
proper tension. When the solenoid is activated, the ball is raised off the tube thus
allowing air to flow out. Figure 4-10 shows the design of the valve as well as a
schematic of its operation.
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Figure 4-10 Solid Works 2000 Model of the Low-Pressure Valve Design

The diameter of the tube was chosen so that when a pressure of 10 psi was
reached in the bladder, the spring force holding the ball down would be less than the
force driving the ball out and therefore open the valve automatically. If air stops flowing
from the bladder to the exhaust and water begins to enter the exhaust, the ball will cover
then inlet to the bladder. The ball is not attached to the actuator so that it is free to cover
the hole if there is no flow.
To complete the low-pressure design, a flexible tube connects the outlet of the
low-pressure valve through the waterproof housing to the outlet exhaust on top of the
housing. A latex tube is used due to its high flexibility and because the pressure is low.
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A spring is inserted in the tube to act as a stint, keeping the tubing from collapsing and
cutting off flow. Figure (4-11) shows the setup of the low-pressure system.
Setup of low pressure sys
Figure 4-11 Solid Model of the Low-Pressure System

4.3.7

Control Housing

A housing protects all the major electrical and mechanical systems from the
water and pressure that arise while scuba diving. The housing holds all of the major
components of the control system as well as the power necessary to drive the valves and
controller. The controller housing is shown in Figure (4-12) and consists of an
aluminum housing and a Plexiglas top. The housing has all the connections to the
bladder, the inlet and exhaust that are needed to attach the components.
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Figure 4-12 Solid Model of Control Housing

Aluminum was chosen as the housing material because of its resistance to
corrosion and its malleability. The box is 8"X 6" X 3". Figure (4-13) shows the solid
model and the components placed inside. The box was constructed by cutting a 1/8" 5051
aluminum sheet with the corners cut so that they could fold up forming the sides of the
box. After the sides had been folded to form the box the edges were MIG welded to form
a strong structure and a watertight seal. In order to support the Plexiglas top and make a
seal, a 1/4" aluminum plate with holes and studs, was welded to the top of the box.
Figure (4-14) shows the plate design and how it was attached to the box.
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Figure 4-13 SolidWorks Model of Housing with Components Placed
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Figure 4-14 Aluminum Top Design

A Plexiglas allows the operator to use the interface and make adjustments without
taking the housing apart each time an adjustment was needed. Holes were drilled at the
exact spacing of the studs so that the top could be placed over the studs. Wing nuts hold
the top in place and provide enough pressure to seal the top. A rubber gasket makes the
seal between the aluminum box and the top. The LCD display and the menu buttons
were attached to the inside of the top so that they could be seen and controlled.
4.4

Control Design
A control system is designed into the processor and control the buoyancy of the

diver. The controller must automatically regulate the flow of air into and out of a
bladder, much like the current BCD. The system positions the diver at a given depth and
allows the diver to maneuver around without adjusting the buoyancy manually. Also, the
controller must not require continuous adjustments thus depleting the diver’s air supply.

41

4.4.1

Valve control

The airflow into the system will not be variable (it will be either ‘on’ or ‘off’),
therefore the control system will have to be designed for the non-linear flow. The valves
that would be used in a product will must be open/close valves. The valves will when
open will produce a constant flow. Other valves that regulate flow variably would be too
expensive for a product. The controller design is made to resemble a variable control, by
opening and closing the valves quickly to produce short bursts, that when combined
would produce a flow like a variable flow valve. The processor would have to be
programmed to control this operation of the valves and at the current time the processor
used is not powerful enough. It is also known that current BCD’s do not have variable
valves and the BCD can still be used as a buoyancy control device.
4.4.2

Positioning and Breathing Rate

Positioning the diver at a specified depth is achieved using a feed back loop that
measures the difference between the current depth and the desired depth. The processor
then calculates the appropriate response to achieve the desired depth. The controller is
designed so that it controls large perturbations from the desired depth. Oscillations of .5
meters can arise from the divers breathing patterns. The control system should not adjust
the buoyancy to take these frequencies into account because it would use excess air to
control for breathing. To avoid controlling breathing the controller is designed with a
frequency response slower than the breathing frequency but faster the frequencies of
large motions. Breathing rates for a normal human are 10 to 20 breaths a minute, the
controller would have a slower response time thus it will not control for the frequencies,
from breathing [1].
4.4.3

Air consumption

The use of air is a major concern in the BCD if the controller is constantly making
adjustments for buoyancy the air from the tank will be depleted more quickly and then
diver will have less time to dive. This is already a problem for divers who make more
adjustments on their BCD's and the addition of an automatic controller could reduce the
consumption of air. If the controller were designed in such a way as to make as few
adjustments as possible to achieve a desired depth it would be more effective than a
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manual BCD. To design the system so that it uses as little air as possible the controller
should not overshoot the desired depth by not overshooting the desired depth the system
will have to make less adjustments to the BCD. Also, allowing the system to be slightly
off from the desired depth will also reduce the air consumption.
4.4.4

Control System Used

To begin the test of the prototype that was developed a control system was
designed and programmed for the processor. Due to the uncertainty of the system
dynamics at the time when the controller was programmed and the uncertainty of the
ability for the sensor to accurately measure velocity or acceleration the controller, only
position was used in the design of the loop. The controller is thus more simple and tests
the system rather then actually controlling the depth.
The controller is designed to measure depth and compare that depth to the desired
depth, producing an error. If the error is positive meaning that the current depth was less
then the desired depth the exhaust valve opens. Once the device begins to sink, the
processor measures the error. At the point when the error decreases, the valve is closed.
This is due to the fact that once the device becomes negatively buoyant there was no need
to exhaust any more air because the device is already diving. The controller is designed
so that as the device nears the desired depth the inlet valve opens in bursts of 1 second to
slow the device. If the device passes the desired depth then more air would be inlet until
the device started rising at which time the exhaust would open.

43

Figure 4-15 Figure of Prototype Design

5 Experiments
The three experiments preformed using the prototype developed were a drag test,
pressure sensor test and an elementary control test.
5.1

Drag Test Experiment
Theoretically the drag is linear. The drag should follow a linear relationship with

velocity if the theory is correct. To obtain a curve relating velocity to force an
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experiment measuring velocity of the device as a function of force applied was needed.
Measuring velocity as a function of a constant force was the easiest way to perform this
test.
The test was preformed using the air tank and control housing placed in there
proper configuration. Figure (5-1) shows the experimental setup.

Figure 5-1 Experimental Setup of Drag Test

By using the gravitational force applied to the tank as the constant force source,
the system’s velocity could be measured while the force was held constant. Changing the
weight in the belt attached to the tank allowed for the varying of the force. The weight
belt was arranged in such a way that the tank fell at a slightly offset angle, which was the
expected angle for the system when functioning.
Velocity was measured using an accurate stopwatch and measuring the time from
release of the tank/controller system to fall a depth of 15ft in water. The depth was
chosen to be 15ft due to the maximum depth of the test pool. The force was varied using
weight bladders which divers use to control their buoyancy. The weight was adjusted in
2lbs increments from the weight of the system without weight to 12lbs.
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5.2

Pressure Sensor Test
Converting the pressure readings from the sensor to depth reading required a

conversion factor. It was assumed that the amplifier designed using the manufacturer
schematic would linearly amplify the as the manufacturer claimed. It was necessary to
confirm the assumption with a test of the relationship between pressure and voltage input
to the microprocessor. This test would also provide the necessary conversion from input
voltage to depth.
The test was performed by varying the depth of the sensor and measuring the
output from the amplifier. To measure the signal from the amplifier the microprocessor
was programmed to read the input from the sensor and display the reading on the LCD
display. The reading could then be recorded at the surface with the depth from which the
reading was taken. The depth reading was taken using a depth gauge, a common piece of
equipment when scuba diving. Figure (5-2) shows the test being preformed.

Figure 5-2 Conducting Pressure Sensor Test

A scuba diver took the device down to several depths and reached neutral
buoyancy at each, the diver then waited until the signal became steady and took the
reading from the LCD display.
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5.3

Elementary Control
A test of the microprocessor was needed to confirm the feasibility of controlling

the entire system. A simple control loop as discussed in the design development section
was constructed to test the prototype’s ability to control buoyancy. The test was
preformed by setting a desired depth and allowing the device to reach that depth by
automatically controlling buoyancy.
The control test was performed in two separate ways; first by letting the device
attempt to attain neutral buoyancy from a starting positing at the surface and second to set
the device at the neutral position at the beginning of the test. To conduct the first test the
controller was set to a specified depth and released into the water to dive to the proper
depth. A depth of 10 feet was set as the desired depth. A diver monitored the device as it
operated. The second test was conducted by taking the device to the 10-foot depth and
using manual controls of to inflate and deflate valve, setting the device to a neutrally
buoyant state. The controller was then set to the run mode and released.
5.4

Full Control
Due to water damage witch occurred in prior experiments the system was severely

damaged and a full control test was unable to be preformed.

6 Results
6.1

Drag Test
The drag test results showed that the tank and control system had a steady rate of

decent from the surface to the 15 ft depth. The data shows that the as force was varied
from using the weight bags the velocity was linear. Two trials were conducted at the four
different weights, which ranged from 3lbs to 12lbs in 3-pound increments. The force
applied due to gravity for each weight was 13.3N, 26.6N, 39.9N and 53.3N. The velocity
ranged from approximately 1m/s two 3m/s in a linear fashion, for both trials. Figure (61) shows a graph of the test data and figure (6-2) shows the actual data collected.
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Figure 6-1 Graph of the Data Collected from Drag Test

Force (N)

Trial 1 m/s

Trial 2 m/s

13.328

1.2

1.3

26.6364

1.9

1.7

39.9546

2.5

2.6

53.312

3.2

3.4

Figure 6-2 Data Collected During Drag Test

Although this data does support the assumption made in the theoretical section on the
linearization of the drag force as a function of velocity it dose not confer that the force is
linear in the region that the device will be operating in. It was not possible to obtain less
weight then the 3lbs weights used for the test. If lower weights had been used the force
would have been smaller and the velocities, could be checked for linear characteristics.
6.2

Pressure Sensor
The test preformed on the pressure sensor measured the amplifier gain, to ensure

that the voltage was linear with depth. From the manufacturers data sheet it was found
that the pressure sensor output a voltage from 0 to 250 millivolts at atmospheres ranging
from 1 to 10. The pressure sensor needed to be amplified so that the microprocessor
could receive the data. The processor converted the input from the amplifier to a number
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ranging from 0 to 1024 and separated the input into equal divisions. The number on
displayed on the LCD was the number after it had been converted by the microprocessor.
Figure (6-3) shows a graph of the data take from the experiment.

Figure 6-3 Graph of Pressure Sensor Data

It can be seen from the data that the input reading is a linear function of depth with the
equation:
256v + 10 = Depthmeters

(14)

This data shows that the amplifier works properly and that it is possible to take accurate
readings of depth using the pressure sensor. The readings were very stable and did not
fluctuate when the sensor was held a constant depth. This system was extremely stable.
A second test was preformed to check the results. Both trials are shown in Figure 6-3 and
it can be seen that there was no noticeable error between the two readings. Only a small
error was found possibly due to inaccurate depth reading taken from the depth meter.

6.3

Controls Test Result
Using the control system devised in the design section the device was released

and observed. Problems in prior test had allowed water to enter the housing damaging
some of the circuitry. This damage caused the system to reset often and the tests were
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difficult to perform. Other problems such as unstable readings from the sensor and
display blackouts also occurred. These problems are most likely the result of water
damage to the circuitry of the system.
Due to the control malfunctions the system was unable to run successful tests
from the surface and diving to the proper depth. The test required too much time and the
processor would reset before the device could run a successful test. The device did
however measure that the depth was 0 and opened the exhaust valve. This gives hope
that the system will function as planned. The test preformed by releasing the device at the
desired depth also had problems due to the water damage. This test also had similar
problems to the diving test and was unsuccessful.

7 Conclusion
Although the control test was inconclusive the project was successful. The design
of the prototype shows that the system still has the possibility of working and that it is
possible to design a system that uses solenoid valves to inlet and exhaust a BCD. The
prototype exposed major design issues that will have to be addresses if any product is to
be developed. Using the foundation that has been set, the work can continue and a design
of a controller can be developed.
The pressure sensor test was very encouraging because the measurements did not
fluctuate and were repeatable over several tests. This data will help in the design of a
controller. Because the measurements were stable the controller will not have to filter the
measurements it reads. A pressure sensor with a larger voltage range from 0 to 5 volts
will be used in the next design so that there will be no need for an amplifier and the
circuitry can be simplified.
The drag test was inconclusive due to the fact that the velocities that were tested
were much higher then the velocities expected during the operation of the device.
Further testing must be conducted using actual human figure in various positions to for a
better view of the drag force. It may be possible to eliminate the need for an accurate
drag force calculation by changing the control so that velocity is not a major factor in the
control loop.
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Although the test of the actual control was not successful the device appeared to
be functioning part of the time. By changing the program and creating a better control
loop it should be possible to control buoyancy with this controller. The prototype was
built so that the processor programming could be changed and many different control
designs could be tried. Further study need to be done in the area of product development.
A second prototype that addresses the issues found in the first prototype must be
designed.
7.1

Future design
Testing of the prototype has shown that a controller can be designed capable of

operating the valves necessary to control buoyancy. The prototype must be tested and a
more sophisticated control program must be designed before the feasibility of controlling
buoyancy is fully tested. Although there is more testing required for the control of the
system further study must be placed in the development of a marketable product. The
prototype was only for testing and much to large and unrefined to be a product. The
overall cost of the prototype was approximately $500. It is clear that the costs must be
reduced and that other materials must be used. 10 AA batteries were needed to run the
control system and solenoid valve. If a marketable product is to be developed the power
consumption of the system must be reduced. The prototype had problems when exposed
to leaks in the housing, which caused electronic failures. This damage would be
unacceptable in a product where people's lives are at risk. Every aspect of the system
must be looked at and refined so that it is less costly, uses less power and is more reliable.
7.1.1

Electronic Design

The existing circuit was developed using as many off the shelf parts as possible.
When a board was designed for the prototype is was made much larger than needed for
ease of manufacturing using the tools that were available. The circuit had many more
functions than needed and was very unstable.
The processor on the prototype was a very powerful and fairly inexpensive. This
processor has the capability to run LCD displays was well as control the valves and
seems to be an ideal processor for a future design. The board had many I/O ports and
features that were not needed in the design of the controller. This board would have to be
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replaced with a custom board that would meet the needs of the controller. A custom
board would be more suited to the specific task of measuring depth, running the LCD
display and keeping time. This board would be much smaller then the test board that was
used on the prototype.
The circuitry needed to amplify the pressure sensor could be eliminated if the
design were switched to a pressure sensor that output a larger voltage. By eliminating the
amplifier board the sensor would be connected directly to the control board simplifying
the design to a smaller single board, instead of two larger boards. The sensor would have
less noise because the amplifier would not be needed.
A large power drain came from the LCD display. This was due to the
backlighting feature, so that if the diver is in a dark area, the information on the display
can still be read. The prototype used a backlit display with a sleep mode so that it would
turn off when not being used. Although the display lighting was off a considerable
amount of time the batteries were still drained. Using a better backlighting system such
as Indglo, which requires less power would be an important feature to reduce power
consumption.
7.1.2

Mechanical Design

The solenoid valves were a major drain on electricity and could be redesigned to
reduce power consumption. The high-pressure valve was mainly used in industrial
applications and was built larger then needed. The low-pressure valve was designed to
meet several requirements but was not as reliable as the high-pressure valve purchased
from the manufacturer.
The design of both valves used a solenoid that required 2.5 watts of power. A
system that used the available air pressure as the mode of actuation and a much smaller
electronic actuator could reduce the power consumption. By using the pressurized air
from the tank a small solenoid could open a small valve, which would intern open the
larger valve. This system could be used for both the low and high-pressure valves.
Unlike the prototype the valves would be designed as part of the housing to reduce the
part number and make the system smaller. The low-pressure valve could be placed at the
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top of the bladder neat the divers head so that it would operate without the diver having
to hold the control above their head.
An important feature that must be added to the design is a manual override of the
control system. It is important that the diver be the final control of the system. The
manual override must be completely separate from the electronic. This design would be
useful if the batteries died or the control malfunctioned.
7.1.3

Housing Design

As stated earlier the valves would be designed as part of the housing. Like many
products for scuba applications the controller housing would be injection molded out of
plastic. The housing would be the same size as the current controller on BCD's and
would replace the current control on any BCD's bladder. By unscrewing the old BCD
control and attaching the new automatic control the old BCD would become a new
automatic BCD. A system of converters would be used to match the many different
connections on the major BCD suppliers.
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Appendix A: Controller Program
' ************************************************* '
'* Program: A_B_C_D.bas

*'

'*

*'

'* Purpose: Automatic Bouyance Control Device

*'

'*

*'

'* Hardware Design &

*'

'*

*'

Software Spec: Robert Dyer

'*

*'

'* Programer: J. Dyer

*'

'*

*'

'* Copyright: Dyer Design & Development, Inc.

*'

' ************************************************* '

'>>>>>>>>>>>>>>>>>>>>>>

MAIN LOOP

<<<<<<<<<<<<<<<<<<<<<<<<<

'*************************************************'
'*

D A T A

D E F I N A T I O N

*'

'*************************************************'
Dim Num(11) As Integer
Dim I As Integer
Dim M As Integer

Dim Wrk As Integer
Dim Str1 As String * 1
Dim Str2 As String * 2
Dim Str3 As String * 3
Dim Str4 As String * 4

Dim Menu(11) As String * 4
Dim Opt As Integer

Dim Qtr_sec As Byte

Dim Tim As String * 8

Dim Dsp As Byte
Dim Dirctn As Byte
Dim Up As Byte
Dim Dwn As Byte

54

Dim Dsp_dur As Byte

Dim Dsp_cur_dpt As String * 5
Dim Dsp_set_dpt As String * 5

Dim X1 As Word

' Last

Depth
Dim X2 As Word

' Curr

Depth
Dim R1 As Word

' Desided

Depth
Dim A1 As Word

' Last

Accel
Dim A2 As Word

' Curr

Accel
Dim V1 As Word

' Last

Velc
Dim V2 As Word

' Curr

Velc
Dim Max_vel As Word

' Max vel

per decimeter
Dim New_max_vel As Word

' New max

vel per decimeter
Dim Pct As Word
Dim Brk_pnt As Word
Dim Remainder As Word
Dim Up_or_dwn As Byte
Dim Down_time As Word

'*************************************************'
'*

S Y S T E M

S E T U P

*'

'*************************************************'

Disable Interrupts

Set Timsk.6
' set Clock functions
Set Tccr2.0

' Set

Prescale to /2 1/64th/sec
Set Assr.3
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Config Adc = Single , Prescaler = Auto

Stop Watchdog

Config Pinc.2 = Input

' Select

menu option
Config Pinc.3 = Input

' Step Up

option
Config Pinc.4 = Input

' Step

Down Option
Config Pinc.5 = Input

' Switch 4

Config Pinb.1 = Output

' Control

BACK LIGHT
Rem Config Pinc.0 = Output

'

Control LED1
Rem Config Pinc.1 = Output

'

Control LED2
Config Pind.5 = Output

' Control

first value
Config Pind.6 = Output

' Control

Second Value
' Pinc.6 & 7 as used 32 k cyrstal

On Timer2 Clock

' falling

edge

Enable Interrupts

Enable Timer2

'*************************************************'
'*

I N I T I A L I Z E

D A T A

*'

'*************************************************'

Menu(1) = "Run "
Menu(2) = "Sec "
Menu(3) = "Min "
Menu(4) = "Hrs "
Menu(5) = "Dpth"
Menu(6) = "Load"
Menu(7) = "Dspl"
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Menu(8) = "Strt"
Menu(9) = "Manu"
Menu(10) = "Slep"
Menu(11) = "OfSt"

Opt = 1

For I = 1 To 10
Num(i) = 0
Next

' set default dsp_dur
Num(10) = 5
Dsp_dur = Num(10)

Dsp = "Y"
Tim = " 0:00:00"
Dsp_cur_dpt = " 0.0m"
Dsp_set_dpt = " 0.0m"
X1 = 0000
R1 = 0000
A1 = 0000
V1 = 0000
X2 = 0000
A2 = 0000
V2 = 0000
Num(11) = 256

' set the

default ADC offset
Max_vel = 3
Up_or_dwn = "D"
Down_time = 60

'*************************************************'
'*

M A I N

P R O G R A M

*'

'*************************************************'

Main:
Debounce Pinc.5 , 0 , Button0 , Sub
Debounce Pinc.4 , 0 , Button1 , Sub
Debounce Pinc.3 , 0 , Button2 , Sub
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Debounce Pinc.2 , 0 , Button3 , Sub

' Do the computations

If Qtr_sec = "Y" Then
Gosub Do_work
End If

' Control Backlight

If Dsp_dur > 0 Then
Set Portb.1
Else
Reset Portb.1
End If

' Control Inflation

If Up = "Y" Then
Set Portd.5
Else
Reset Portd.5
End If

' Control Deflation

If Dwn = "Y" Then
Set Portd.6
Else
Reset Portd.6
End If

' Display data

If Dsp = "Y" Then

Gosub Format_dta

Cls

Upperline
Lcd Tim ; "

" ; Menu(opt)
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Lowerline
Lcd "Cur - " ; Dsp_cur_dpt

Thirdline
Lcd "Set - " ; Dsp_set_dpt

Fourthline
Lcd Num(10) ; " " ; Num(11) ; " " ; Chr(up) ; " " ; Chr(dwn)

End If

Dsp = "N"
Dirctn = " "
Qtr_sec = "N"
Up = "N"
Dwn = "N"

Goto Main

End

'*************************************************'
'*

B U T T O N

0

F U N C T I O N

*'

'*************************************************'

Button0:

Dsp_dur = Num(10)
Dsp = "Y"

Incr Opt

If Opt = 12 Then Opt = 1

Return

'*************************************************'
'*

B U T T O N

1

F U N C T I O N

*'

'*************************************************'
Button1:
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Dsp = "Y"

Dsp_dur = Num(10)

Decr Opt

If Opt = 0 Then Opt = 11

Return

'*************************************************'
'*

B U T T O N

2

F U N C T I O N

*'

'*************************************************'

Button2:

Dsp_dur = Num(10)

Dsp = "Y"
Dirctn = "D"
Gosub Set_func
Return

'*************************************************'
'*

B U T T O N

3

F U N C T I O N

*'

'*************************************************'
Button3:

Dsp_dur = Num(10)

Dsp = "Y"
Dirctn = "U"
Gosub Set_func
Return

'*************************************************'
'* S E T

C L O C K / D E P T H

F U N C T

*'

'*************************************************'

Set_func:

If Opt = 11 Then
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I = 11
M = 512
Gosub Inc_dec
End If

' Set ADC

OffSet

If Opt = 9 Then

' Handle

Manual inflate/deflate
Up = "N"
Dwn = "N"
End If

If Opt = 9 And Dirctn = "U" Then
Up = "Y"
End If

If Opt = 9 And Dirctn = "D" Then
Dwn = "Y"
End If

If Opt = 7 Then
I = 10
M = 100
Gosub Inc_dec
End If

' Set

backlight delay

If Opt = 6 Then
R1 = X2
End If

' Load

Desired Depth from Current

If Opt = 5 Then
I = 6
M = 100
Gosub Inc_dec
R1 = Num(6)
End If

' Set

Desirded Depth

If Opt = 4 Then
I = 5
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M = 12
Gosub Inc_dec
End If

' Set

Hours

If Opt = 3 Then
I = 4
M = 60
Gosub Inc_dec
End If

' Set

Minutes

If Opt = 2 Then
I = 3
M = 60
Gosub Inc_dec
End If

' Set

Seconds

Gosub Format_dta

Return

Inc_dec:
If Dirctn = "U" Then Incr Num(i)
If Dirctn = "D" Then Decr Num(i)

If Num(i) = 255 Then Num(i) = M
If Num(i) > M Then Num(i) = 1
If Num(i) = 0 Then Num(i) = M

Return

'*************************************************'
'* S E T

C L O C K / D E P T H

F U N C T

*'

'*************************************************'

Format_dta:

' Dsp_set_dpt
Wrk = R1 + 1000
Str4 = Str(wrk)
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Str2 = Mid(str4 , 2 , 2)
Str1 = Mid(str4 , 4 , 1)
Dsp_set_dpt = Str2 + "." + Str1 + "m"

' Dsp_cur_dpt
Wrk = X2 + 1000
Str4 = Str(wrk)
Str2 = Mid(str4 , 2 , 2)
Str1 = Mid(str4 , 4 , 1 )
Dsp_cur_dpt = Str2 + "." + Str1 + "m"

Tim = " 0:00:00"
Wrk = Num(3) + 100
Str3 = Str(wrk)
Str2 = Right(str3 , 2)
Mid(tim , 7 , 2) = Str2

Wrk = Num(4) + 100
Str3 = Str(wrk)
Str2 = Right(str3 , 2)
Mid(tim , 4 , 2) = Str2

Wrk = Num(5) + 100
Str3 = Str(wrk)
Str2 = Right(str3 , 2)
Mid(tim , 1 , 2) = Str2

Return

'*************************************************'
'*

D o

W o r k

*'

'*************************************************'

Do_work:

X2 = 0000

Start Adc

X2 = Getadc(0)

Stop Adc
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X2 = X2 - Num(11)

If X2 < 0 Then
X2 = 0
End If

If X2 > 1000 Then
X2 = 1000
End If

Wrk = X2 * 216

' Convert

ADC count into DeciMeters
X2 = Wrk / 1000

' X2 =

Depth in DeciMeters

' do the calculation
V2 = X1 - X2

If X2 > R1 And V2 <= 0 Then
Up = "Y"
End If

If X2 < R1 And V2 >= 0 Then
Dwn = "Y"
End If

' Set last equal to current values

X1 = X2

Return

'*************************************************'
'*

C L O C K

F U N C T I O N

*'

'*************************************************'

Clock:

Incr Num(1)

If Num(1) = 64 Then
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Num(1) = 00
Incr Num(2)
Qtr_sec = "Y"
End If

If Num(2) = 2 Then
Num(2) = 00
Incr Num(3)
Dsp = "Y"
If Dsp_dur > 0 Then
Decr Dsp_dur
End If
End If

If Num(3) = 60 Then
Num(3) = 00
Incr Num(4)
End If

If Num(4) = 60 Then
Num(4) = 00
Incr Num(5)
End If

If Num(5) = 13 Then
Num(5) = 01
End If
Return

'>>>>>>>>>>>>>>>>>>>>>>

MAIN LOOP END
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<<<<<<<<<<<<<<<<<<<<<

Appendix B: SolidWorks Model
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