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Abstract — Buoyancy control of underwater robot vehicles (URVs) has been a challenge due to the high current load of 
the ocean. In this work, the shape of a spherical URV is presented and a mathematical modeling formulation are 
given of a variable ballast tank system and the forces affecting its controller. The URV system is simulated under 
different operational conditions using a fuzzy logic controller and a neural network controller. The results show that 
both controllers give a good performance but in terms of fast response the fuzzy logic controller produces a better 
result compared to the neural network controller. In the experimental setup, the prototype is tested and verified for 
downward and upward trajectories and an experimental comparison is carried out. These techniques have wide 
applications in underwater activities such as oil exploration, pipeline maintenance and research activities. 
 
Keywords - spherical URV, variable ballast system, fuzzy logic control (FLC), neural network controller. 

 
 

I. INTRODUCTION  
 

Numerous variable ballast mechanisms of the URVs are 
reviewed by the various researchers, but the problem of 
internal dynamic forces which caused by empty space inside 
the ballast system, affects in controlling system. The piston 
tank driven by a DC motor in order to control the buoyancy 
of underwater vehicle has been discussed in [1, 2]. In this 
technique, a power screw attaches to the movable plate and 
couples with the gear mounted on the DC motor. Therefore, 
when the motor has been rotated the power nut allows the 
ballast tank to create a suction pressure, hence water could 
enter inside or pushed outside the ballast tank. The tube 
pumps have been used to fill the ballast tank with water in 
order to control the buoyancy of the remotely operative 
vehicle in [3]. This mechanism is one of the simpler and 
cheapest systems available. However, in this technique, 
some empty space will be left if the amount of water in the 
ballast tank is not in the maximum range then, the changes 
in the position of center of mass of the URV will change the 
roll angle of the URV. Therefore, these changes will lead to 
disturb the control system of the URV.  
 
A. Neural network and FLC  
 

Neural network-based time sliding mode control is 
designed in [4]. This controller is used to control a 6 Single 
Degree of Freedom (DOF) of Autonomous Underwater 
Vehicle (AUV). A Variable Complicated Structure Control 
(VCSC) with an intelligent neural network method for 
diving a variable mass underwater vehicle has been utilized 
in [5]. The technique is effective at a particular region of the 
system behavior and control structure, but some problems in 
controller’s response are carried out. A Fuzzy Logic 
Controller (FLC) is most successfully applied to problems 
where the dynamics are not easily derived or understood. 

Base on the sensors information a fuzzy logic description 
and a structure of multi-layer for Remotely Operative 
Vehicle (ROV) has been implemented in [6]. This method 
uses a single control mode with track path for smooth 
motion control and the simulation shows a robust 
performance in sonar data and principles integration 
between different layers of control. The controller shows the 
capability to maneuver the vehicle in all directions and 
desired depth.  

 
II. SIMULATION SETUP  

 
Knowing the properties of the system, such as linear, 

nonlinear and stable or not stable is very important to design 
the controller. In this work, the final dynamic modeling is 
designed based on the specified motion equations of a URV 
which has been derived in [1] and expressed as: 
 

 

 
(1) 

(2) 

(3) 

 
The dimensions and specifications of the proposed 

prototype have been presented. In addition, all necessary 
parameters for the URV system have been chosen as listed 
in Table 1. 
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TABLE 1. SYSTEM’S PARAMETERS 
Parameters Symbols Value 

Atmospheric pressure of water 
surface 

Pa 1 amt 

Density of water  Pw 998 kg/m³ 

Gravitational acceleration g 9.81 m/s² 

Transmission ratio of worm gear 
and power screw 

Kgc 81.64×10³ 

Coefficient of worm gear and 
power screw downward 

Kml 0.046×10¯³ 

Coefficient of worm gear and 
power screw upward 

Kmu 0.1122×10¯³ 

Power by dc motor Pm 48 watt 

Diameter of variable ballast tank 
(VBT) 

Dvb 0.13 m 

Volume of water inside (VBT) kg 0.266 kg 
Added mass (ballast weight) of 
URV 

Ma 8.222 Kg 

Diameter of URV Dfb 0.26 m 
Projected area of URV Afb 0.053091 m² 

 

A. Fuzzy Logic Controller Structure 
 

In this work, the final dynamic modeling has been 
designed based on the specified motion equations of the 
underwater robot vehicle (URV) system which are derived 
in [1]. To control the depth position of the URV, a fuzzy 
logic controller (FLC) strategy is designed and the input and 
output parameters are determined as shown in Fig. 1.  
 

  
Figure 1. FLC strategies to control the depth positioning of the URV 
 
The fuzzification unit is responsible for transforming the 

non-fuzzy (numeric) input variable measurements into the 
fuzzy set (linguistic) variable has a clearly defined 
boundary.  For the fuzzy logic controller in this simulation, 
two inputs are used to control the depth position of the 
vehicle; required depth position (p) and error (e), as shown 
in Figure 4.2 and can be related together by the following 
equation.       
                   e p r                                                      (4.1) 

where e is the error reading, p is the required depth position 
for URV and r is the actual depth position of the URV. The 
variable r can be obtained by the pressure sensor of the 
URV. The depth position input of the FLC is defined by 
linguistic variables such as high (H), medium (M), normal 
(N), medium low (ML), low (L). The error input is defined 
by linguistic variables such as large positive (LP), positive 

(P), zero (Z), negative (N), large negative (LN) and 
characterized by memberships. The memberships are curve 
that define how each point in the input space is mapped to a 
membership value between 0 and 1. The membership 
function Gaussian is implemented for input variables. Five 
curves are mapped for each input and output variables in 
order to cover the required range. 
 
B. Logical Decision 

 
The output variables of the FLC are defined by linguistic 

variables such as, close fast (CF), close slow (CS), no 
change (NC), open slow (OS) and open fast (OF). They are 
characterized by memberships as are shown in Fig. 2. The 
memberships are curves that define how each point in the 
output space is mapped to a membership value between 0 
and 1 and triangular and trapezoidal memberships are used 
for output variables. The symmetry of the positive and 
negative half-waves of the ac variables was used. The task 
of this variable would be to switch between two rule tables 
at every zero-axis crossing of the reference. 
 

 
Figure 2. Fuzzy membership function of output 

 
In order to get an accurate control based on the simple 

logical rules, the symmetry of the positive and negative 
half-waves of the ac variables is used. The rules are created 
for only one half-wave but can be used by the other one 
taking into account the polarity of the system variables. The 
task of this variable would be to switch between two rule 
tables at every zero-axis crossing of the reference. Table 2 
shows the decision table of the FLC’s rules. 

Each input of the above fuzzy system is assigned to 5 
membership functions. So, fuzzy system consists of 5²=25 
rules. These rules carry out optimum control action and each 
rule expresses an operating condition in the system.  

 
A sample rule from Table 2 is: 

Rule 24 IF the error is LP (large positive) AND the 
depth position is MH (medium high), THEN, the output is 
CS (close slowly). The output is produced by the fuzzy sets 
and fuzzy logic operations by evaluating all the rules. The 
first step is to take the inputs and determine the degree to 
which they belong to each of the appropriate fuzzy sets via 
membership functions. Once the inputs have been fuzzified, 
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the degree to which each part of the antecedent been 
satisfied for each rule is obtained. 

 
TABLE 2. FUZZY DECISION TABLE 

 
 

         

 
 
 

Depth position 

L ML N MH H 

Error 

LN CF 1 CF 2 CS 3 CS 4 NC 5 

N CF 6 CS 7 CS 8 NC 9 NC 10 

Z CS 11 CS 12 NC 13 NC 14 OS 15 

P CS 16 NC 17 NC 18 OS 19 OF 20 

LP CF 21 CF 22 CS 23 CS 24 NC 25 

 

      
Figure 3. Surface view of Mamdani-type FIS. 

  

C. Defuzzification 
 

The fuzzy logic controller has been designed and tested 
in Simulink/MATLAB. The Arduino hardware package in 
Simulink/MATLAB 2013a is utilized to structure the fuzzy 
rules and determine the inputs and outputs of the controller. 
After evaluating the performance of the controller, it is 
downloaded in microcontroller for experimental setup as 
shown in Fig. 4. 

  

  
Figure 4. Downloaded fuzzy rules, inputs and outputs in microcontroller. 

 
  

III. EXPERIMENTAL SETUP 
 

In this section, the designed experimental rig set-up is 
described. The buoyancy control technique is used to 
control the depth position of the vehicle. The components of 
the set-up are, microcontroller, relays, DC motor, variable 
ballast tank and pressure sensor are installed inside the URV 
as shown in Fig. 5. The principle and objective of each 
component is discussed in the next sub-sections. 
 

 
(a) 

 

 
(b) 

 
Figure 5. (a) Shape and components of spherical URV (b) sequence control 

of the URV 
 

 
A. Controller 
 

The main function of controller is to control the non-
linear buoyancy of the URV. Therefore, the fuzzy logic 
controller is designed and developed in microcontroller 
board, the pin 0 is used as analog input for required depth 
position and the pin 1 is used as analog input for actual 
depth position (pressure sensor reading) and pin 50 is used 
as digital output to the specific relay to operate the DC 
motor of the ballast system. The microcontroller board 
which is selected for this research has the specifications as 
listed in Table 3. 
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TABLE 3. SPECIFICATIONS OF MICROCONTROLLER BOARD 
Microcontroller Arduino-AT91SAM3X8E 
Operating voltage 3.3V 
Input voltage 
(recommended) 

7-12V 

Input voltage (limits)  6-16V 

Digital I/O pins  
54 (of which 12 provide 
PWM output) 

Analog input pins  12 
Analog outputs pins  2 (DAC) 
Total DC output current 
on all I/O lines 

130 mA 

DC current for 3.3V pin  800 mA 
DC current for 5V pin  800 mA 

Flash memory  
512 KB all available for 
the user applications 

SRAM  
96 KB (two banks: 64KB 
and 32KB) 

Clock speed  84 Hz 

 
B. Pressure Sensor 
 

A highly sensitive pressure sensor (MS5803-05BA) is 
installed on the URV’s hull to sense the effecting of the 
pressure on the URV during the trajectory and the 
specifications of the selected pressure sensor are listed in 
Table 4. 
 

TABLE 4. PRESSURE SENSOR’S SPECIFICATIONS 
Pressure sensor MS5803-05BA 

Operating voltage  
 (1.8 to 3.6) 

VDC 
Operating current 1 μA 
Standby current 0.15 μA 
Operating range (0 - 2) bar 

Clock 24 bit - 20 MHz 
Operating temperature (-40 to +85) °C. 

Maximum underwater depth 10 m  

 
C. Underwater Pressure Readings 
 

The depth position of the URV is determined based on 
the underwater pressure. Therefore, the water pressure 
readings of testing pools are taken three times by pressure 
sensor in different types of depth as listed in Table 5 and the 
average reading is chosen to be as the reference to the 
microcontroller to know the actual depth of the URV.  

 Digital signals (+3 volts) are sent to the controller to 
make comparisons with its logical program and sent 
command to the specific relay to connect the main power 
supply (+12 volt)  to the DC motor in order to run it 
clockwise to fill the ballast tank or to run it anti-clockwise 
to empty the ballast tank of water.  

 
D. Operation Switch  
 
The operation  switch of the URV system has a varible 
resister (potentiometer) from (0-100) Ω. To calibrate the 
operation switch, the pressure sensor signal is measured ten 
times for 1 M underwater depth. The potentiometer current 

is adjested to be same as pressure sensor current for all 100 
cm underwater depth (10 readings) as shown in Table 6.  
 

TABLE 5. UNDERWATER PRESSURE OF TESTING POOLS  

Depth 
(cm) 

Reading1 
Pressure 
(mbar) 

Reading2 
Pressure 
(mbar) 

Reading3 
Pressure 
(mbar) 

Average 
(mbar) 

0 0.08 0.1 0.09 0.090 

10 1.12 1.16 1.15 1.143 

20 2.19 2.23 2.29 2.24 

30 3.49 3.19 3.45 3.38 

40 4.49 4.35 4.58 4.47 

50 5.61 5.42 5.75 5.59 

60 6.82 6.47 6.89 6.73 

70 7.9 7.46 8.45 7.60 

80 9.41 8.51 9.17 9.03 

90 10.28 9.67 10.34 10.10 

100 11.62 10.73 11.5 11.28 

 
 

TABLE 6. CALIBRATION OF PRESSURE SENSOR AND 
OPERATION SWITCH 

Depth 
(cm) 

Pressure 
Sensor 
reading 
(mbar) 

Pressure Sensor 
Current (A) 

Operation 
Switch 

Current (A) 

0 0.1 0.00 0.00 
10 1.163 0.036 0.036 
20 2.23 0.045 0.045 
30 3.19 0.047 0.047 
40 4.35 0.052 0.052 
50 5.415 0.068 0.068 
60 6.47 0.076 0.076 
70 7.46 0.100 0.100 
80 8.51 0.127 0.127 
90 9.67 0.192 0.192 
100 10.73 0.394 0.394 

 
E. Control Strategy 
 

The control strategy to control the depth position of a 
spherical URV, the operation switch is calibrated with 
pressure sensor to determinate to the controller the required 
depth of the URV. Three DC batteries are used, (3 V) to 
supply the operation switch, (3-6 V) to supply the controller 
and the main supply (12 V) to supply the DC motor of the 
ballast system. The output control signal of the controller is 
used to control the direction and time running of the DC 
motor in order to control the buoyancy of the URV, but the 
voltage of the DC motor is (±12 V) and the voltage of 
controller’s signal is only (±3 V); therefore, three electronic 
relays are used to control the ballast system, that by 
changing the polarity of the DC motor in order to empty or 
to fill the tank with water through power screw and worm 
gear. One pressure sensor is used to measure the URV 
pressure during the task and sends analog input signal to the 
controller to make the logical calculation based on its rules. 
Over flow switch is used to disconnect the relays’ system if 
the tank is over flowed.  
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Figure 6. URV in experimental test. 

 

 
IV. RESULTS AND DISCUSSION 

 
A FLC with two inputs has been developed using FLC 

and the inputs are; required depth position of the URV and 
the error percentage which estimated from the difference 
between required depth position and actual depth position. 
The actual depth position of the URV can be obtained from 
pressure sensor on the URV’s hull and the output of the 
FLC is the voltage to the DC motor to operate the variable 
ballast tank as shown in Fig. 7. 

 

 
Figure 7. Final model for depth positioning of the URV  

 
A. Open Loop Response 
 

The open loop results for URV system without using any 
controller has been simulated, as shown in Fig. 8, the loop 
response of depth position over time is extremely stable but 
it has nonlinear relationship. Therefore, in Fig. 8a, the curve 

of the depth position is increasing and it could not reach the 
set point.  

In Fig. 8b by Appling step input as reference, the 
vertical velocity is increased and reached the set point after 
45 seconds and the simulation time is 100 seconds in this 
case. In Fig. 8c by Appling step input as reference, the 
change of weight is increased after 3 seconds, that because 
the VBT needs time to be pumped by water and it was set 
the set point after 30 seconds. Therefore, the feedback 
controllers must be applied in order to control the system.  
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Figure 8. URV’s open loop response  

 
The response of the FLC for step input is shown in Fig. 

9. When applied 100 cm depth position as reference input to 
the system, the FLC is immediately responding and depth 
position is increased to reach the set point after 0.3 Sec and 
the simulated time in this case is 100 seconds. 
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Figure 9. Fuzzy Logic control response for step input reference 

 

To obtain the response of the fuzzy logic control to a 
repeating square wave input model, the simulation is taken 
from (0-100 Sec) simulated time, as shown in Fig. 10. The 
system response curve can reach the set point in a shortly 
time with minimum overshoot value. 
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Figure 10. Fuzzy logic control response for a repeating sequence wave 

input reference 


B. FLC vs neural network  
 

 Figure 11 shows the responses of the fuzzy logic control 
and the neural network controller for a square wave input 
and multi-steps input. As can be seen, the FLC shows a very 
fast response with an acceptable deviation from the 
reference compared to the neural network controller.  
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(a) 

Figure 11. FLC response compare to neural network response for (a) a 
square wave input and (b) multi-steps input 
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Figure 11. FLC response compare to neural network response for (a) a 

square wave input and (b) multi-steps input 

 
C. Downward & Upward Trajectory  
 

Fig. 12 and Fig. 13 show the comparisons between the 
experimental test results and the simulation results for depth 
position of the URV. The test is implemented in a 1 meter 
underwater depth for downward and upward trajectories. In 
comparison, the horizontal waves of testing pool affect in 
control system of the URV and cause some disturbance 
during the task and the differences between the 
experimental curve and the simulation curve can clearly 
emphasis that. 
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Figure 12. Comparison between simulation and experimental depth 

position of the URV in 1 M underwater depth for downward trajectory 
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Figure 13. Comparison between simulation and experimental depth 
position of the URV in 1 M underwater depth for upward trajectory 
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V. CONCLUSION 
 

In this paper, the neural network controller and the 
Fuzzy logic controller are used to control the depth position 
of the URV. Based on analyzed results, the FLC shows a 
better and fast response comparing to neural network 
controller, therefore,   the FLC is chosen to control the depth 
position of the URV. The evaluation for the FLC model is 
conducted in different operation conditions and the accuracy 
of the set-up components as well as the uncertainty of 
collected experimental data is analyzed and the comparisons 
between experimental and the simulation study are carried 
out. Moreover, a 0.104 m/s is achieved for full controllable 
underwater vertical velocity for downward and upward 
trajectories. These results will hopefully guide the next stage 
of development of vertical depth positioning control for the 
URVs. 
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