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This paper presents an integrated sensor system to be applied in underwater vehicles based on 5-DOF Inertial
Measurement Unit (IMU) sensor, MPX pressure sensor, and temperature sensor. The main idea of the research is to
improve the performance of the integrated sensor system by using the MATLAB/Simulink interfaced with MicroBox
2000/2000C for underwater vehicle applications. An integrated sensor or known as the smart sensor is a small
component that designed to gather important data based on underwater applications. These types of sensors combined
and integrated with signal processing hardware in a single compact waterproof device. All sensors are placed in a hard
casing made of steel with the dimensions of 0.10 m diameter, 0.85 m height and weight of 0.23 kg. The output of the
sensors shows that; the offset error of accelerometer and gyroscopes are within 0.5 to 1.0 and 0.1 to 0.5, respectively. It
is shown that the pressure occurs at 0.75s and the reading on voltage increased rapidly until 0.5V and maintained at
0.5V for 1 s. With minimum implementation cost and improved performances of the integrated sensors, this research
benefits offshore and underwater industries especially for underwater vehicle.

[Keywords: Inertial measurement unit; temperature sensor; pressure sensor; MicroBox 2000/2000C]

Introduction

In underwater industries, the most crucial
issues are the sensors that needed for underwater
task'®. The sensors that are utilized are quite
expensive. Most of the sensors are not waterproof
and there are numbers of obstacles underwater for
a sensor to detect an object or to obtain an accurate
measurement. Meanwhile, the waterproof sensor
has a small number of production as compared to
the normal sensor based on very small demands®.
Thus, the integrated sensor is introduced to
facilitate underwater operations such as; searching

objects submerged in the sea or underwater search and
rescue procedures >,

An integrated sensor or known as a smart sensor is
a small component that designed to gather important
data. The integrated sensor system based on 5-DOF
Inertial Measurement Unit sensor, MPX pressure
sensor, and DS temperature sensor. These types of
sensors integrate with signal processing hardware in
one compact device. It allows the sensor to send
signals to be used immediately without additional
processing or amplification. An integrated sensor can
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reduce the space and weight in order to put other
components®*?. Within the past few decades, there
are a number of sensors that use underwater
technology to explore the depths of the ocean,
measure and help in the rescue operation and
maintaining the safety of soldiers and sailors. With
the growing technology, integrated sensor,
underwater vehicles (UVs) shows progress in the
ordinary military mission to map and detect or
determine whether the seabed has mines. It is also
can be used to detect an unidentified object.

The main idea is to improve the performance
of integrated sensors by reducing the estimation of
error, lower in cost, small space and improving the
accuracy of range measurements. An integrated
sensor is designed based on three goal
performances; accuracies, sensitivities, and
efficiencies. Thus, the goal of this project is to
design and develop the ability of each type of
sensor in single circuit and then apply to
underwater vehicles by gathering all data by using
MicroBox 2000/2000C. An integrated sensors
probably contains multiple transduction principles
for some functions and it can compare the sensor
performance. The integrated sensor is high
durability, waterproof, long lasting but incurs a
high cost. Moreover, underwater technology in
Malaysia is still lagging as compared to underwater
technology from other countries such as the United
State of America (USA), Russia, Germany, Japan
and others. For instance, Malaysia Airline MH370
tragedy demanded technologies from other
countries.

As such, this project is developed to overcome
the problems that occur in conventional underwater
vehicles. Moreover, this project uses three major
sensors; 5-DOF Inertial Measurement Unit sensor,
MPX pressure sensor and DS temperature sensor
that capable of controlling the movement of
underwater vehicles'®. This project benefits the
marine or sailors. All three major sensors will be
designed as integrated sensors and input controller.
All sensors were connected with an Ethernet cable
(data cable) with £0.5m length so that the output
values can be more accurate and the delay time can
be reduced. The hardware was tested by using
MicroBox 2000/2000C as a microcontroller and
integrated with Simulink Real-Time MATLAB
software design'*’. The simulation of the control
system is conducted to monitor underwater
vehicles performances.
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The accurate measurement for 5-DOF IMU full-
scale range acceleration is £3g and +10,000g and for
shock survival based on 3-axis position; X-axis, Y-
axis, and Z-axis. For rotation with X-/Y-Out pins with
+500°/s full-scale range and 2.0mV/°/s sensitivity
while X/Y 4.5 Out pins with £110°/s full-scale range
and 9.1mV/°/s sensitivity based on X-axis and Y-axis
position. Pressure sensor and temperature sensor tested
in different depth until achieved the maximum
pressure; 700kPa and the maximum range of depth is
about +70m. For the maximum range of temperature
about -55°C until 125°C, where the sensor goes down
to the deepest of the seabed, the temperature becomes
lower because of the influence of light. The hardware
was tested in Control and Industrial Automation (CIA)
laboratory, only because MicroBox 2000/2000C
already set up and integrated with Simulink Real-Time
MATLAB 2009 software design to show the
performance of the integrated sensors in the output
graph for IMU and depth sensor and display digital
values for temperature sensor'>?’.

This paper is organized as follows. In section 1,
the introduction of the integrated sensors is mentioned.
Furthermore, Section 2 presents the literature review
of the project while Section 3 describes the
methodology of the project. Last but not least, Section
4 and Section 5 illustrate the field testing results and
analysis of the results. Finally, the final remarks are
elucidated in Section 6.

Literature Review

The integrated sensor mostly contributions for
military mission and humanitarian needs. These
developments of sensor technologies to improve the
better future of sensor to be highly miniaturized and
operate  using information  technology  and
communication systems™ '* % A number of uses the
integrated sensor was limited because the sensors that
are utilized for every task are quite costly contributed
by high durability, waterproof, long lasting and other
factors requirements. The first integrated sensor
developed in the early 1940s with Variable Time or
known as VT fuze and evolved into innovative sensor
systems to apply in underwater, biochemical and space
instruments. In early 1980s, the small transducer and
sensor systems used to detect acoustic, temperature,
barometer and pressure for collecting information on
the birds’ environment as well as their behavior'*®.
Nowadays, there are several sensors and sensor
systems with their major strengths; space-based
sensors in magnetometers, UV or visible images and
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charged particle sensors, submarine acoustic
arrays, radar systems for guided missile detection,
radar and the chemical and biological sensors. The
fully integrated sensor systems where an ensemble
of sensors is used to observe large areas and
increasing important in communications systems,
GPS technologies and microelectromechanical
systems or known as MEMS. In addition, the
sensor mostly applies in airborne collection
platforms, satellites, ships, and underwater fields?.

Inertial Measurement Unit (IMU) sensor is an
electronic device that used to measure and control
the angular velocity and linear acceleration using a
combination of IDG500 gyroscopes and ADXL335
accelerometers'®*?, The ADXL335 accelerometer
generates three analog signal of accelerations to
measure the static acceleration of gravity in tilt-
sensing application as well as dynamic acceleration
resulting from motion, shock or vibration. The
IDG500 gyroscope generates three analog signals
of angular rate to make vehicles do rotation
movements. This small IMU size is widely used in
the precision instrumentation, platform
stabilization and control, industrial vehicle
navigation, robotics and etc. Pressure sensor act as
a transducer that generates a signal as a function of
pressure. It used to know the depth of operating
points. The changes in depth or weight of the water
will influence the pressure of the system as defined
in Equation (1);

Ap = —wAh (D)
Where:
p is pressure.
w is the weight of the fluid.
h is the depth

The pressure sensor utilized in this project is
Manifold Absolute Pressure (MAP) sensor,
MPX5700 series used for engine control. The
MAP sensor is designed to sense absolute air
pressure within the intake manifold of the engine®.
However, it also can be used to measure a depth of
the underwater °. Temperature sensor used to
measure the temperature readings either the water
in heat or cold condition in certain range to provide
safety use of the application happen. The
temperature sensor utilized in this project is
DS18B20 that contains a unique silicon to placing
temperature sensors in many different places™.

The temperature sensor can apply in HVAC
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environmental controls and process monitoring and
control. DS18B20 is a digital thermometer that
provides 9 to 12-bit temperature readings to indicate
the temperature of the device. The work’s principal of
DS18B20 is when the information was sent to/from
the DS18B20 over a 1-Wire interface, so that only one
wire and ground (GND) needs to connect from a
central microprocessor to a sensor. DS18B20 contains
a unique silicon serial number and to allow for placing
temperature sensors in  many different places.
Microbox 2000/2000C is used to integrate with
MATLAB or Simulink Real-Time and related control
modules. It can be run real-time modelling and
simulation of control systems, rapid prototyping, and
hardware in the loop testing'. Microbox 2000/2000C
also acts as a microcontroller and is known as a XPC
target machine. For engineers that have real-time
analysis and control system testing needs, Microbox
2000/2000C offers an excellent mix of performance,
compactness, sturdiness, and 1/O expandability. The
result benefits to users in terms of cost and time saving
and makes the control system design also the testing
easy to accomplish. Besides that, it allowed the
flexibility when dealing with complex control
systems™.

Methodology

The development of the integrated sensor for the
underwater application starts with a project plan. This
project is divided into two parts, which are hardware
and software. Hardware part consists of three main
sensors, which are the MPX5700 pressure sensor,
IMU sensor and DS18B20 temperature sensor. All of
the sensors are combined as an integrated sensor.
Figure 1 shows the process flowchart of this project.
Figure 2 shows the integrated sensors. MATLAB
Simulink is used as a software design for this project.
The design involved with all sensors to identify either
the sensors is analogue or digital output. The IMU
sensor has five-output signal in analogue input. The
pressure sensor has one output signal in analogue
input. The temperature sensor has one output signal in
digital input. The pin connection of output signal
connected to the hardware by interfacing with
MicroBox 2000/2000C. Table 1 shows the parameter
connection of the integrated sensors to MicroBox.

The connection of the integrated sensor consists of
an accelerometer, gyro, pressure sensor and
temperature sensor. The pin connections of the
integrated sensor are similar to the design for each part
in MATLAB Simulink. Figure 3(a) shows the input



INDIAN J. MAR. SCI., VOL. 46, NO. 12, DECEMBER 2017 2555

and output of MicroBox pin connections. Figure
3(b) shows the pin connection of the integrated
sensor to MicroBox.

Table 1 - The parameter connection to Microbox
Sources of Circuit Vcce: Connector 3 pin 17
Gnd: Connector 1 pin 19
IMU Sensor (Analog Input)  Accelerometer: Connector 2 pin
1,35
Gyro: Connector 2 pin 2,4
Pressure Sensor (Analog Signal: Connector 2 pin 6
Input)
Temperature Sensor  Signal: Connector 1 pin 1
(Digital Input)

(b)

After all testing done, the integrated sensors
can be attached to Unmanned Underwater Vehicle
that have been developed Underwater Technology

Research Group (UTeRG) research team as shown : @ (b)
in Figure 4 that called as “TUAH” Autonomous
Underwater Vehicle (AUV). Fig.3 - The MicroBox pin connections of input and output from

Integrated Sensor

START

Literature Riview

- Journals

- Internet

- Reference books

sovars

- IMU sensor
- Pressure sensor
- Temperature sensor

- MATLAB Simulink
- Microbox 2000/2000C

Integrated
Sensor

Run the
Simulation

Movement of
Integrated Sensor

l
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Fig.1 - Process flow chart.

Fig.4 - “TUAH” Autonomous Underwater Vehicle (AUV)

Results and Discussion

The actual values may slightly differ from the
absolute value due to the effects of the environment or
condition during the experiment conducted. In this
part, the results of the theoretical method are
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compared with the results of the real-time method = 1 : y| s
where the final output is discussed in details.
Figure 3 shows the final design of integrated
sensor that already connected to an Ethernet cable
(data cable) and sealed to prevent water from
entering through the drilled hole in order to remove
the nozzle pressure and temperature sensors. Table
2 shows the characteristic design of casing for the
integrated sensor.

Simulation Design of Real-Time in MATLAB

Figure 5 shows the simulation design of
integrated sensor that contained three sensors,
which are IMU, pressure and temperature sensors.
There are two types of input, which are analogue
and digital input sensors. The analogue inputs are
IMU and pressure sensors and the digital input is a
temperature sensor. All of the input based on the
data sheet.

Integrated Sensor Results using MicroBox
2000/2000C
The value of all sensors is equal to zero when

the MATLAB Simulink runs by interfacing of
MicroBox 2000/2000C. Figure 6 shows the initial Fig.5 - Simulation design of integrated sensor.
output waveform for accelerometer, gyroscope, .
pressure and temperature sensors. The Figure 7(a) La‘mzl_
shows Y-axis rotate in -45° condition. The Figure
7(b) shows the X and Y-axis rotate in 90°
condition, but the rotations are not constant when
the Y-axis have an increasing rotate in 0.1s due to
the offset error occurs. The offset error of
accelerometer is 0.1 to 0.5.

Figure 8 shows the output graph of pressure

sensors. Figure 8(a) shows the output pressure -ﬂs,
graph have not much changes due to the lack of -
pressure applied. Means that, the pressure occurs in (a)

0.75s and increased rapidly until 0.5v. The Figure
8(b) shows the pressure occurs are static, whereas
it still maintains in 0.5v for 1s. The output of
temperature in discrete time because it is in digital
input and the binary values needed to convert in °C
unit based on the data sheet. The output graphs of
the temperature sensor as shown in Figure 9(a) for
initial temperature output and Figure 9(b) for final
temperature output. Figure 10 shows the output
graph of temperature sensors.

W(deg/s)

tis)

(b)
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©
-Iﬂl (b)

Fig.7 - The output waveform of accelerometer; a. 45° movement,
b. 90° movement.

(d)

Fig.6 - The initial output waveform for integrated SENSOr: a.
acceleration, b. gyroscope, c. pressure sensor, d. temperature
Sensor.

@ (b)

Fig.8 - The output waveforms of pressure sensor; a. high pressure
applied in sensor, b. low pressure applied in sensor.
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B T

(b)
Fig.9 - The output waveforms of temperature sensors; a. initial
temperature, b. final temperature.

Analysis of Sensors

The analysis of sensors needed to compare
with the actual results and theoretical results based
on the graph and formula to find the accuracy and
error of the final experimental output results. The
analysis is emphasising about the types of
condition and environment occurs. There are three
sensors are involved in analysis, which are IMU
sensor, pressure sensor, and a temperature sensor.
In Figure 11 and Figure 12 shows the movement of
the accelerometer and rotation of gyroscopes based
on the X, Y, and Z-axis. Based on the output
waveform, there are two factors that affect the
output graph; the gravitational force and offset
errors. The gravitational force is the axis that align
in Z-axis with having an error of measurement in
normal condition. The offset error is the reading of
zero condition that occurs in measurement. The
result of split graph easier to find the offset error
and gravitational force because the graph of
accelerometer not combined with gyroscopes by
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comparing the split of the output graph. Otherwise, the
values for every movement measured in 0.1s by
ignoring the output graph of gyroscopes.

Table 3 - The readings of Accelerometer in X-axis
Readings of Accelerometer sensor(m/s?)

Axis Readingl Reading2 Reading3  Average
values
X -9.98 -10.2 -10.1 -10.1
Y 0.72 0.70 0.68 0.7
Z -0.17 -0.22 -0.18 -0.19

Table 4 - The readings of Accelerometer in Y-axis.
Readings of Accelerometer sensor(m/s?)

Axis Readingl Reading2 Reading3  Average
values
X -0.02 -0.06 -0.04 -0.04
Y -8.97 -9.18 -9.20 -9.11
z -0.48 -0.50 -0.52 -0.50

Table 5 - The readings of Accelerometer in Z-axis.
Readings of Accelerometer sensor(m/s?)

Axis Readingl Reading2 Reading3  Average
values
X -0.48 -0.46 -0.52 -0.49
Y 0.79 0.76 0.82 0.79
Z -10.30 -10.50 -10.40 -10.40

The gravitational force measured by comparing
the highest of average values Z-axis in table 3, table 4
and table 5. From table 5, the average readings of Z-
axis are -10.40 m/s%. Based on the acceleration of
gravitational force, -9.81 m/s®. The offset error in
equation (2).

-9.81 m/s® — (-10.40 m/s?) = 0.60 m/s?

From Equation 2, the gravitational force for the
IMU sensor is +0.60 m/s®. Then, the IMU sensor will
test again to find the percentages of offset error as
shown in Table 6.

Table 6 - The readings of Accelerometer in X, Y and Z-axis.
Readings of Accelerometer sensor(m/s?)

Axis X Y z Highest values
X -9.78 0.39 0.46 -9.78
Y 0.38 -9.82 -0.87 -9.82
z -0.29 0.32 -9.84 -9.84

Based on the measuring values of the readings
accelerometer of X, Y and Z-axis, the highest values of
every axis used to find an offset error.
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X-axis:
—%.81m/=2 - (9.78)m,/=s2
—5.81m/=2 x 100%

=0.3% ®3)
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Y-axis:
—%.81m/=2 - (—%.82)m, =2 s ¢
- =-01% @)
—5.81m/s2 % 100% 2
Z-axis:
—9.81m/ =2 - (—9.84)m/=2
[2-(589m2 - g3y (5)

—5.81m/=2 = 100%

The result shows that X, Y, and Z-axis error is
between -0.3% to +0.3%. The result is acceptable
because the error is small and the actual result is
not affected. So, the IMU sensor is suitable to
apply in underwater vehicles by referring the result
that tested.

10C 12¢

Pressure (kFa)

Fig.10 - The plotted characteristic graph of the pressure sensor.

Table 7 - The output pressure in small aquarium
Output voltage (V) Pressure (kPa)

1.618 240
1.683 250
Pressure Sensor 1.726 260
Based on the Table 7, the pressure 1772 260
averages, P, values and voltages averages, Ve 1.808 270
can be measured as shown in Equation 6 and 1.855 280
Equation 7. 1.900 290
1.944 290
At de_pth: output pressure of 3.6576m 2013 300
1::ﬂ-fl-[;lg:+_"E-II!l+"E-IIH"E-IIEI+“T-'II!I+"BIIH"'Ei'IZ!l+"'Ei'[!l+!i[!l[!l+HII!IIZ!I+HII!II]I+31II!I 2.042 300
ff T T Y s104370 _}kPE 2.015 300
11 2.165 310
©) 2.217 320

= 282.31 kPa

The equation obtained from the plotted

At depth: output pressure of 3.6576m

vavg =

(1.618 +1.683+ 1726+ 1772 + LE08 + 1855+ 1.900 +)
1.944+ 2.013+ 2.042 +2.015+ 2.165+ 2.212 /

characteristic graph in Figure 10. The pressure value
defined as Equation 9. Whereas the equation is

Yobtained, Y = 0.0055X + 0.265 for the output voltage.

11
=174V

The error of the pressure sensor defined as
Equation 8.

Pﬂn enry{kp El} - P: alec ulate(kpa}
Pﬂ:l gary (kpa}

Error=

The theoretical value of pressure obtained by
converting the depth of water into the pressure
value. The first value of Om that obtained from the
pressure sensor settled as a reference value. The
calculation of other different depth continued by
using the Equation 8. The characteristic graph is
plotted to get the pressure value by using excel
based on the given specification of the
MPX5700AP sensor. Figure 10 shows the plotted
characteristic graph of the pressure sensor.

The value for first calculation is set as a reference

(7) 3lue. So, X = pressure value (kPa).

The pressure value, P(kPa):

Y — 0265
P —— ©)]
0.0055
®) he reference pressure, P,z (kPa):
p  _1618-0265 _ . (10)
of =T 00055 E'

There are two experiments are obtained. The first
experiment is using an air compressor and followed by
using the aquarium. The error percentages of pressure
sensor for each depth calculated by using Equation 8.

The percentage of error by using an air compressor:

05 of error = error x 100% (11)
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250 =270

= kPax 100%; = +8¢
error ( T ) a o = £8%

The percentage of error by using aquarium:

8 of error = error x 100%

280 —297.27

error = ( 530 ) kPax 100% 12)
=16.17%
Temperature Sensor
Figure 11 shows the output result of

temperature in one second. For each of one second,
it contains a 12-bit resolution. The binary number
is 1111 1111 1000 by assuming the zero bit as a
white colour and one bit as a blue colour. The
temperature sensor is tested using two types of
water, which are cold water and warm water in an
aquarium.

— 12 BIT

WHITE — 0™
BLUE - "1™

1]

\ J \ —)
| ! L
1111 I 1111 | 1000 ]

Fig.11 - The output binary values.

The temperature is increased when the depth of
water increase. The output graph plotted by
comparing the output temperature of warm water
and cold water in a small aquarium. The
comparison graph between the warm and cold
water of temperature output values as shown in
Figure 12.

In Figure 12, the output graph of both two
types of water almost has the same pattern, but the
differences are in negative and positive values of
output temperature. It shows that from the Oft. until
to 5ft., the values of temperature are +0.5°C for
both of warm and cold water. The graph shows in
10ft, the temperature in cold water is decreased to -
25.0625°C and the temperature in warm water is
increased to +25.0625°C at 11ft. From the
comparison, the error performance of the
temperature sensor is +0.5.
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Comparison for Warm and Cold Water

: ¥ [~== Warm Water
=~ Cold Water

Temperatura ("C)
-
.-
-

Denllh ()
Fig.12 - The comparison graph between warm and cold water of
temperature output values.

Conclusion

Integrated Sensors for underwater vehicle
developed to solve problems that occur in current
sensor system. There are three types of sensors
integrated together, which are Inertia Measurement
Unit (IMU), temperature sensor and a pressure sensor.
All  these sensors interface with MicroBox
2000/2000C and connected with MATLAB software.
The data obtained shows that the errors are between -
0.3% to +0.3%. For the pressure sensor, the error is
+6.17 % and for the temperature error is £0.5%. Based
on the percentages of error, the error occurs in IMU
sensor, pressure sensor and temperature sensor are
small.
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