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Abstract? Improved navigation and guidance system of

Autonomous Underwater Vehicle (AUV) is a most important

assignment for most researchers, specifically in difficult

environments such as theean. In ocean environment, the AUV

needs a reliable navigation and guidanceesydb navigate and

guidance AUV in the desired path with high efficiency. The

proposed method for improving navigation system of AUV is

based on integrated MEMS smartphonessesn by the collected

data from Doppler Velocity Log (DVL), depth, and compass

sensors via Loosely Coupled Kalman Filter (KF). The Loosely

Coupled KF is used to estimate and correct velocity and attitude

errors of AUV navigation system by DVL, depth andanpass

measurements, respectively. Tiracticedevice of AUV is based  Fig. 1. Smartphone MEMSNS sensors

on Ultrasoiit sensors, microcontroller, depth, and digital circuit

sensors. The ultrasonic sensor is used to detect boundaries in therhe MEMSsmartphone sensors have many advantages.
route of AUV. The depth sensor is used to dive th&/Anthe  They can reduce cost, size and provide acceptable

required depth. The microcontroller and digital circuit are usaletficiency. The disadvantages of smartohones MEMS
to rue the motion and direction of AUV in the required pdthe Sensorsy.are their errors gincrease Ovepr tichee to

AUV is examined in a testbed at depth of 7 meters from water . . .
surface. There are three obstacles are placed idirdwetion of accelerometers and gyroscopes drifts. This paper aims to

AUV to check its efficiency. During tests, the AUV is capable tolMProve the navigation system of AUV via integrated
reach the target place with high efficiency. After that, it returnedEMS-INS smartphone sensors (3 accelerometers and 3
back to the base station accordance to saved direction in igg/roscopes) by Doppler Velocity Log. (DVL), deepness
reminiscence with full effectiveness also. and circuit sensors. The DVL is e to limit velocity
errors, whilst deepness and circuit sensors aresséy to
Index Terms® AUV, Smartphone MEMS Sensors, DVL, decrease posture errors of AUV navigation system [2]. The
UI_trasonic sensor, Depth SensorDigital compass, data collected from MEMSNS smartphone (3
Microcontrolier andrestbed. accelerometers and 3 gyroscopes), DVL, depth and
compass sensors are igtated via Loosely Coupled
I. INTRODUCTION Kalman Filter (FK). Loosely Coupled KF is wkdo
A reliable navigation and guidance system in Ocealqstimate and correct velocity and attitude errors of AUV

environment is very essential issue of most Autonomouid@vigation  system bY DVL, de.pth and compass
Underwate Vehicles (AUVs) that required a particular measurements, respectively. The guidance system of AUV

path for Planning, guidance andtenomous navigation. is based onltrasonicsensor, microcontroller, depth sensor,
In this paper, the AUV navigation system is primarily

and digital compass. The ultrasorsensor is used to

based on MicreéElectroMechanical System (MEMS)- realijze b%gndagesinthe_ path of Ag\é Thﬁ deﬁth se;spr is
Inertial Navigation (INS) of smartphone sensors [1].use to dive the AUV in required depth. The Arduino

Today, most updated smartphone units maintain Variodycrocontroller is used as guidance and controlesystt
MEMS sensors such as aterometers, gyroscopes Is used to manage the movement and path of AUV to keep

magnetometer, orientation, barometer, and so on that C%\ﬁvay fromobstacles. The digital circuit is used to adjust
be used in several applications. The MEMsthe movement attitude of AUV in order it pass it in the

accelerometers and gyroscopes sensors of the smmtphéequ”ed path [3], [4].

are shown irfig. 1. Il. OVERVIEW OFAUV CONSTRUCTION

Manuscript receive®ecenber31, 2019; revisedApril 20, 2020. The bIOCk. dESIgljl Of_ BV system with its maj.or
Corresponding auth@mail: elshoafyn@gmail.com subsystems ishownin Fig. 2. It consists ofttree main
doi:10.1272@¢cm.15.6.455-468 subsystems as follows:
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X AUV Guidance System: The guidance system is usethree axes (X, y, z), respectively. Today, most smartphones
to instruct ASV to reach the goal positiondnforce  containseveralMEMS sensors such ascelerometers,
the required tasks. It also saves the path tékethe gyroscopes, Camera, teerature, magnetometer,
AUV in its memory. The return back of AUV to base orientation, barometer and so on which can be used in
station depedis on the stored direction in its memory. several applications such as autonomous navigation and
x AUV Guidance System: The guidance system is useduidance. [5].
to guide ASV to reach the target position to implement 2) Accelerometer
the required tasks. It also saves thatptaken by the Accelerometers are common MEMS devices. They
AUV in its memory. The return back of AUV to base measurehe rate of accelerations.(a,, and @ on three
staton depends on the stored path in its memory. axes (X, y, z), respectively. Most an accelerometer sensors
x AUV Control System: The control system is used toconsist of a seismic mass and support spring that made of
control the movement and direction of AUV to avoid silicon as shown iffrig. 4.

obstacles.
Fig. 4.Accelerometer Sensor
The provided acceleratiorraoim an accelerometer is
determinedy Newton's Second Law as following Eq. (1).
Y
Fig. 2Block diagran of AUV system wheref is the force, m is the mass, and a is the acceleration.

Let ﬁ § & § and & 3 be the acceleration, velocity, and
position vectors of the vehicle, respectively. The
relationships between velocity, position, and acceleration

A. AUV Navigation System

The navigation system of AUV is shownhig. 3. The
MEMS smartphone sensors (3 accelerometers and ) )
gyroscopes) are used to determine the velocity and attitudé 9 &€ given by following Eq. (2).

of AUV. It is integrated and fused with DVL, depth and Rup= if LEP@P

compass sensors via Loosely Coupled Kairkilter. The

DVL system is used to correct velocity errors. While RP= i ¢ RP@P 2
deepness and compass are usage to accutate attitude errors 4

of AUV navigation system. BP= if if 2P @ @P

3) Gyroscopes

The principle basics of Gyroscopes are somewhat
similar to that of acceleration sepss. It is designed to
measure the angular rates (r, g, and p) on three axes (X, v,
and z). The gyroscopes are made of massive rotors called
spin axes. They are fixed on rings called gimbals on three
axes. These gimbals are designedstate the central
rotor from any outside torques. When there are any
rotations alonghe axis, this rotation will be detected and
processed to measure the angular rate value on this axis.
The principle basic of the gyroscope is showFi 5.

Fig. 3. AUV navigation system

1) MEM-INSnavigation system
Normally, most MEMSINS systems consist dhree
accelerometers and three gyroscopes to measure the
accelerations (@aa,, 8) and angular rates (p, g, r) aroundFig. 5. Gyroscope Sensor
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B. MEM Smartphone Navigation Equations the initial situation of a position at a givem&. The block

MEMS smartphone sensors consist of three gyroscop&éagram of MEMS smartphone navigation equations is
and three accelerometers to determine the angular rates $pOWn inFig. 6.
g, r) and accelerations«(ay, &), respectively [6]. The (p,

g, r) and (a &, &) are used to determirtlee attitude ¥

%and velocities (U, V, W) in Vehicle Coordinate System
(VCS), respectively. The attitude is used to determine the
Direction Cosine Matrix (DCM). DCM is usage to
transform the velocities from VCS to Navigatio
Coordinates System (NCS) [7]. The teda between the
derivative of the Euler angles and angular rates [8] is given
by using Eq. (3).

6 s ecoe—fA ' fA
NAOL e Lt Fece jHI u; Fig. 6.Block diagramof MEMS navigation equations
VB T ece LA LLte LAY The Fig 7 shows the relationship befen common

references frames that used in navigation frames. They
theinitial conditions ofattitudeat a given time. include EarthCentral Earth Fixed (ECEF) frame, North

The accelerations of the vehicle along the three bodg"letUp (NEU) frame and geodetic{ | § frame.

axes ar@leterminedy MEMS smartphone accelerometers.
If the acceleration due to gravityQ( is supplied as a
function d location around the etdr[9], then 7,F8FRand 9 F
are given by Eq. (4).

76 = EN&F MO9ECOK]
gl 5 FN7TEL9FC?KOEJG:v;
96 = EMFL8FC?KH@KO6

By integration, the Eqg. (4)ives velocities (U, V and W)
in VCS body using the initial velocities. The DCM is usage
to transform the velocities (U, V, W) from VCS body to
velocities( 8o, 8, 8g) in North-EastDown (NED) body. Fig. 7.Relationshitbetweerreferences frames commonly used in inertial
It is given by using g. (5). navigation.
DCM= o
- ) . ) C. DVL Navigation System
%0 *A%o VO %0 *A™ ¢ " O F™ oA

M AT 7 5 % FTIO " O %o+ WFT O TR B %o« ™ O %o s g% ™  MEMS smartphone sensors (3 accelerometers and 3

™ Ao e ™ DTG O T TP " D TRRG e TG0+ M OAM o« ™ DA = ™ gyroscopes) have a good shtatm accuracy and they
provide a continuous navigati@olution, but their errors
are increasing over time. To avoid this disadvantage, the
MEMS smartphone sensors are fused and integrated by
DVL to reduce velocity errors of AUV. Most DVL has 4

By integration, the Eq. (3) givestitude (6, a d) using

Therelationship amondie velocities (U, V, W) in VCS
frame and velocities&, 8, 8g) in NED frame is given

by Eq.(6). transducers as shownkhig. 8. Only one transducer is used
7 as aremitter and three remained transducers are usage to
e8i L &%/ esi 'X; measurement velocities (U, V, and df) three axes (x, v,
8 aci 9 Aci and z), respectively [10].

The geodetic (latitude, longitude, altitude) frame is used
as navigationframe Let S p and 8denote the latitude,
longitude and altitude of the vehicle at any instant,
respectively. The relationship between velociti8s, (8,
8g) in NED frame andeodetic frame can be expressed by

Eq. (7).
s
& — r r e
6 ok Ri R
e L 1 [ NCREL Y
Oy rw f...'S NI

) r r FsY . Fig. 8. DVL fundamentals
whereRe is the radius of the earth. By integration, the Eq.

(7) gives the position$ p, § in geodetic body the use of 7KH PHDVXUHG YHORFLW\ E\ '9/ LV JLY
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where Vgy LV WKH YHORFLW\ RI WKH Y
is the difference between transmitter frequencies an

reflect frequency ofis transmitted frequency,ié reflected

frequency, GuaLV WKH VSHHG RI WK HyV RE®D @)LI® usy ipretsate) B

is the angle transmisgiobetween L and L, level. The
angle transmission angle betwearahd L. is given by Eq.
(9) and shown itrig. 9.

N -6
—fessL—
-5

{5

Fig. 9. Transmission angle between L1 and L2

1) DVL navigationequations

The DVL measurements are used to reduce velocities

errors of AUV navigation system. Therefore, the

integration between MEMS smartphone and DVL is a Key

step in redaing errors of navigation system [11], [12].
BeforeintegratedMEMS smartphone sensors wibh/L,

By integration the Eq. (11) shows the geodetic frame
location using initial position state at a givmne.

| Kidiehlhed Rifft e e¥iidnP LY

A determined attituded, Y &) by MEMS smartphone
M \fatrix that using to
convert velocities of MEMS and DVL from VCS to NCS.
But this attitude has errors increase with time due to the
gyroscope drifts [13]. [14].So the attitude errors in our
proposed method are corrected by ddpjrand compass
% PHDVXUHPHQWYVY 7KH 'HSWK VHQVR
(z) of the vehicle from the surface using pressure
transducer [15], [16]. The depth (z) valoan measure by
the Eqg. (12). o
ECE
EU
where z is the depth value with meter (m)y B the
pressure at current depth point; B the atmospheric
SUHVVXUH DW WKH Withel Dafdrdehsity, NJ P
and G9.8 m/dis the gravity. The derivative of quaternions
(M- M- M- N and angudr rates (p, q, r) is given by Eq.
(13).

'S t;

LW W
c " =
‘s S Woroow W o= “5 0.
L:6 ML FVY FW ,r "VY B L L:sM.su
e'w W tw o

the MEMS smartphone sensors and DVL must be located The relationship between the changed irard (q)

at the same level on the body of ASV as shown in figur
10. In this case, the same DCM can be used to coine

determined velocities by MEMS smartphone and DVL < Lt:MM F M

from VCS to NCS frame.

Fig.10. MEMS and DVLlevels relativeo the ASVbody.

The converted velocities of DVL form VCS frame to
velocities (8o, 8, 87) in NED frame are given by Eq. (10).

R

e,i X

L i

HZP

e ST,

Y HzP
The relationship between velocitie8« 8, 8g)in NED

frame and velocities$F—&in the geodetic frame is given
by Eqg. (11).

o r r P

5 it KR

el L7 S fieli 'SS
~r - r

®ia ) f...S NIRRT
Iy r FsO
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guaternionss given by Eq. (14).

M 7TEt:MM F MM :8
E:MF MFN.M:;9
whereU, V and W are the speeds calculated from tkie.D

The attitude estimated by quaternions method, is given by
Eq. (15).

SV,

’l\Lf_fP:t:“A'“S “6“7;$Ft:“gE“g;;

EL f ecst 1“4% F“7%; SwW

TLf-fwrtiy®; E“s 7 8Ft"8E “S;;

The partial derivatives of VFwith respect to the
quaternions, is given by Eq. (16).
ov
mL Ft MBEtM8EtM9
OVL FtM7EtM8EtM9
Y M M N

L FtM7EtMB8ELMY (16)

oV
mL Ft M7TEtM8EtM9
Thesimplified of Eq. (14) is given by Eq. (17).
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2= 20 F-p*p2] tu;

, ) . Previous knowledgsuch asmatrix of transition( J),
From Eq. (17)only the angle of roll §) and pitch @ nise covariance matrix (Q observation matrix (8,

can be corrected_by deepness (z). So t(_) fix the yaw ang:l’ﬁqjing matrix (&), andmeasuringioise matrix (R) must

(9) the compass is used. The compass is amonddBsto e caiculated prior to the beginning of the teBaylor's
navigation devices that ship commanders, pilots andgjes expansion may be used to expand the transition
explorers are still using widely [17]. A conmgmconsists matrix: 0., It is given by Eq. (24):

of two sensors to calculate the Earth's magnetic field R

change on two axes (X, Y) relative to the North Pole as O L ATlprs5Ty; N+E (Ty ‘tv;
shown in figure 11

L FeCEBA E «Ch...'®4a E ...+ ...'EA :sy,

wherel is identity matrix andiis time variable. The noise
matrix (Qx) is givenby Eq. (25)

3p L @ ERIGu+Igow 798 0% I8« O 1t w,
wherels is an identity matrix(3 x 3), J§ yis the angular
rate eror Power Spectrum Density (PSDJ§ pis the PSD
of speederror, J§ ¢ is the accelerometebias instability
PSD, andJg ; is the gyroscope bias instability PSD.The
observation matrix (kJ is given by Eq. (26):

Fig. 11. Principlebasicof compass sensor * | r,r; Frory

. . . P=roFsrorq0
If Bx and B, are adjustments made in the magnetic AR
domain on the X @d Y axes, respectively, then the whereQsis a (3 x 3) Zero matrix. The shaping matrixYG

X

compass angle will give by Eq. (18). is given by Eq. (27):
$e 0
Toaraode= N?2PI=Jp sz e
orase E oL mr; 9% g ty;
E. Kalman Filter g7l =67

The Kalman filter (KF) is a calculation algorithm that where % is rotating matrix, that converts errors of the INS
recursively works based on the basis of initial estimatefame :>;to navigationframe (J).
and prior knowledge. The Kalman filter assumes that ~ The central measurement noise sqydgg is the noise
dynamics of the navigation system are discretéme. It ~ controlmatrix (Ry). Itis given by Eq. (28):
comes as a result of two stages, the stage of prediction 4L 1R3F{3;
stage and the stage of updating [18].

Based on values obtained from the prior period.)(k The error of the statevariable and measurement
the state vector ) and the error coariance matrix (9 function is determined in the concept of stspace.The
of the present period (k) are estited prediction phase. dynamic systemTp; of the KF model is given by Eg. (29):

‘tz;

This relation is given by Eqg. (19). T6L BTl E )pSp t{;
Y L BGAlY,s; (19 where Sp is process noise IEMS smartphone sensors.
where B: GAT; is the integral of dynamics matrix .The error The measurement vectdy,; of the KF model is given by
covariancematrix (R) is given by Eq. (20): Eq. (30):
i - Gadk 25
25 L (p252075(ibps E 3p A VL I%Z{i: 83:3 ur;

whereF denotes the system dynamics matrix ands@
spectradensity matrix.
In the update stage Kalman gains (K) that is given
by Eq. (21): F. MEMS /DVL/Depth/Compass Integrated System of
_ Lz‘;?*l'.* 2';?*iE4.?5 ‘ts AUV
P Pr P b =R - The navigation model of AUV is designed with Matlab
whereHg is an obsevation matrix and Ris matrix for  and Simulink as shown ifig. 12. It consists of two stages.

where LY and R are position and velocity of respectively in
the navigation frame.

noise calculationThe state vector ) will be modified The first stage consistsf collection and fusion data
with the following Eq. (22): measurements from smartphone MEMS, DVL, Depth and
Y LYE-,\,F DG 22) compass sensors. The second stage consists of integrated
b ; ,

MEMS smartphone with DVL, depth and compass via
wherez, isthe vector of measusnd D GAT; isanintegral ~ Loosely Coupled&alman [19], [20].

matrix of observatior(Hx). The error covariance matrixis  The state vectors¥ §, ) MEMS that determined by
then updated using the following Eq. (23): MEMS smartphone navigation equation (Eq. (3)) are
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integrated by state vectors¥( § , ) MEMS that 1) Arduinomicrocontroller
determined by depth and compass equations (Eq. (17) & The Arduino Uno is a microcontroller systemilbon
Eq. (18)) via Loosely CoupleldF to estimate and correct the ATmega32&hip as shown ifrig. 13.
attitude errors.
In the sane time, the state vector§(y § MEMS that
determined by MEMS smartphone navigation equation
(Eq. (7)) are integrated by state vectogs|§ § DVL that
determined by DVL navigation equation (Ed.1)) via
Loosely Coupled KF to estimate and correctouiy

errors.
Fig. 13. Arduino microcontroller
It is a programmable open source tool designing
interactive works [21]. It has severaldvantages as
follows:-
x It can power AUV engines, LEDs, sensors and other
Fig. 12. Software model of MEMS/DVL/DepthCompass Loosely items.
Coupled KF x Itis a computer system of smaller size that requires low

power with high precision, and to most Unmanned
Vehicles (UVs) it is a suitable processing platform.

The core aspects of the command and direction system |t comprises of microchip of readvrite capacities on
are a microcontroller, ultrasonic, depth, and, digital 3 computer chip, memory, inputs, and outputs.
compass sensors. They arediso control the movement  Arduino microcontroller is used as a control and
and direction of AUV to avoid obstacles and guide AUVguidance system. It is used to process the measured data of

1. GUIDANCE & CONTROL SYSTEM OFAUV

in the desired path. sensors to control the movement and direction of ASV.
A. Control System of AUV The da& sheet of the Arduino microcontroller is given in
The control system of AUVansists of the following Tablel.
parts:
TABLE |: ARDUINO MICROCONTROLLER DATA SHEET
Microcontroller ATmega328
Operating Voltage 5V
Input Voltage (recommended) 7-9V
Output Voltage (recommended) 6-20V
Digital I/0 Pins 14(of which 6 provide PWM output)
Analog Input Pins 6
DC Current per I/O Pin 40 mA
DC Current for3.3V Pin 50 mA
Flash Memory 32 KB (ATmega328)
(0.5 KB used by boot loader)
SRAM 2 KB (ATmegs328)
EEPROM 1 KB (ATmegs328)
Clock Speed 16 MHZ
2) Accelerate and command direction of AUV (t) average waveform value as shownFiy. 14. The

The process for controlling AUV rate is the Pulse Widthaverage value of y (t) waveform is given by Eqg. (31).
Modulation (PWM) method [22].The PWM produces a i

rectangular pulsevavewhich results in variation of the y 9L _6 + UR@P us
1
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ZKHWBWHY WKH DYHUDJH YDOXH RI \In $&veaZdhéHrmpBi&ntentafioris his technique could
SHULRGLF WLPH be usedto measure a sed, distance, detect and avoid
obstacles.

Fig. 14. Pulsewaveform

y (t) is a rectangular pulse wave. It is given by Eq. (32).

WosBKNT OPO & U6

5L g, MBKN& 06 0PO 6P

ut;
Fig. 16.Principle ofparallaxPING ultrasonic sensor
where {_ is the maximum value of the Waveforr‘ml,EJ

is the wave form lowest possible value D is the Worz Many Ultrasonic sensors have a burst pulse frequency

fours) Of around 40 kHz. Anéq. (35) gives the length of
he sound wave.

period. The mean value of the pulse waveform i
presented by Eq. (33).
s . . . % u%ééaeg
BL5: U Uloe B UlusasF 5 cuu In which G is sound velocity andsfst would be the
If y_,;=0and{ ;=1, then Eq. (34)ives the average ultrasonic burst pulse frequency. Eq. (3@ives the
value. ZDYHOHQJWK

8L vy, 78% % o
Fig. 15 shows examples of the median value for varying 844 4RI
D. The Utrasonic sensor will alsdiscern barriers that are
greater than 8.5 mm in wave length. Once an ultrasonic
sensor detects impacts with any barrier in the AUV
direction, the echo of this barrier will reflect back to the
ultrasonic sensor receiver. Whicldioates, across AUV
direction there is a barrier. A time discrepancy between
both the signals received and the signals transmitted is
being used to evaluate the range (d) between both the ASV
and the barrier as followsqg. (37).

@L :6 0% ot

where d is the measured distance incm, T is a time in |sec.
The control system of AUV is shown ig. 17.

L zavl |

Fig. 15. Waveform for different values of D.

3) The sensors ultrasonic

An ultrasonic sensor concept is comparable to the radar
and sonar concept. It usually consists of the sensor
transmitter and the sensor receiver [23]. The sender sensor
sends sound wavexs high frequency and by its receiver
sensor measures the reflecteti@ from the obstruction.
As shown in figure 16, the time interval between sending
and receiving signal will be used to evaluate the distance
between the obstacle and the AUV. Fig. 17. Controbystemof AUV.
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B. GUIDANCE Algorithmic of AUV x The distance (d) leeen target position (TP) and
In dangerous and disastrous eomments, the AUV is ~ current position (CP) of AUV is determined by
preprogrammed to dive and saibm Base station (8 to Haverise formula [26] as the following Eq. (40).

Target position (# to execute the required tasks T
efficiently and rgturn back without any external control | t 45 0= N#c ¢ § O Bk
from base station [24]. [25].So there are necessary
parameters to bebtains. These parameters include, the e N e - ] 0 ‘e
currentposition (G) of AUV, the target position @@, the ES..deq,pU. ter, pUOBKE , F %, ftovr
D Q J Q)HbetBeen the £of AUV and North pole, the
GLVWDQFH G DQGy)®éwadFr@oLARY D @rye@g is the distarebetween the target location and the
andT® DQG WKH PRY HPetv@sv @QRAUD H cgrrent location of AUV, and RLV HDUWK{V UDG
and . The AUV is designed according the following: ~ 6-317km. _ _
x Send AUV from the base sian to goal position to The _sendlng and storing path flowchart of AUV is
perform multiple tasks like surveillance, rescue anoshown inFig. 19.
tracking. Instantaneously, the direction taken by AUV
is stored in AUV memory.
x After implementing the tasks, AUV returns back to
basestation according to the stored path imigsmory.
1) AUV Sending of Base Station (BP) to Target)(TP
A simple model for sending the AUV fromeBo Tp, in
addition to the necessary parameters, is represeniégl in
18.

me 0/meﬂt 0;

Fig. 18. Flowchart ofsendingandstoring path

The sending steps are followed:
x Diving AUV to required depth of target position.
x 8VLQJ FRPSDVV VHQVRU WR)JGHWHUPLQH WKH DQJOH 8
between the present AUV fClocation of AUV and
North Polelocation.
x 7KH DQJOH R ) GetveehRhsurrBnQlocation  Fig. 19.Flowchart ofsendingAUV and path storing
of AUV (%,,,%, ), and target position& ,, 6 ),

is given by . (38). 2) Return AUV Back from Target (TP) to Base Station

(BP)
d.L=P=0:4&; uz A simplified diagram of return AUV back fromsTo Bp,
ZKHUH in addition to the necessary parameters, is represented in
X LA ‘:.wa;j Oece TbedF N Toed N Flg 20.
Y LoteqyUecebe o F ece% UL "6 ULt F

%, 00
x 7TKH PRYHPHQW DQJOH 8P EHWZHHQ &3 RI $89 DQG
TP is determined by Eq. (39).

da L}oF }« uf
where . is the north angle between both present AUV
ORFDWLRQ DQG WKH 1 RUhe/&gePPOH ORFDWLRQ
direction between the actual AUV location and the goal
ORFDWLRQ DQG PRiMdHeHQMWabD BSMOH §
to the right direction. Fig. 20. Flowchat of returnAUV back path
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W WKH UHWXUQRESORZWEBSY DUH
X A compass sensor is using to measure the arfge (

between Target positioT¢= 0g,) and North Pole. ~ x The movement angle () can becalculated by
x Reading next positiondg,, ) from memory of AUV. following Eq. (42).

X The direction anlg ( 4) between the currérposition s LI«F }s Vi

“ .
o *Typea- F Tdbed

of AUV (0gy,;r 0....) and the next position where . is the angle between the target position of AUV
(Ogy,ip 1 Opr.nyy fromthe AUV memory givesby DQG WKH 1R W diBeRtiorHangle between the

Eq. (41). target position of AUV and the next position in memory of
g.L=P=0:3§,; 'vs  AUV.
where X Haverise equation calculates the (@hong target
XL "":.Tdbw‘r; Uece Tdbea- F Tabed location ( OEUxiB il O| ) and next location
) . o . (Ogy i+ Opu...s from AUV memory. The Haverise
YL oo 00t rpw i Fooet i O 1 oxin. Ol

formula is given by Eq. (43).

T Ltdz0=N+8OBWA,, . F%,, RO

E§.. %54, 0U.. e, oUOER% .. F%, ,5to VU

where d is the distance between the target location and the
next location from memory, and (RLV HDUWKT{V
radius=6.317km.

The Returned AUV tiwchart is shown iffrig. 21

Fig. 22.Designed AUV andystem detits.

The efficiency of AUV has been tested at depth of 7
meterdrom water surface in testbed. The testbed is shown
in Fig. 23

Fig. 21.Flowchart ofreturningAUV.

V. EXPERIMENTAL WORKS

The designed AUV used in the following tests is shownF_ 93 Testbed
in Fig. 22 (a). Its details of the overall system are shown in'> <> #*%

Fig. 22 (b). A. Testl: Sending AUV to Targébcatedat Depthof 7
Metersfrom Water Surface

In this test, the target ¢Jis located at depth of 7 meters
from water surface. After that, the AUV sent automatically
from the Base station @B on water surface to the target
position (Tp) to test its efficiency. In the same time, the
path taken by the AUV is stored in AUV memofhis
path is plotted with the Matlab program as showfim
24.

©2020Journalof Communications 463



Journal of Communications Vol. 15, No. 6, June 2

Fig. 24.The path taken by AUV to reach ttergetlocated surface.

Fig. 25.Estimated errors of latitude, longitude, and altitude relative to
ideal path.

From testl, the maximum estimated errors of latitude,
longitude, altitude, and position relative to ideal path are
shown inTablell.

TABLE II: MAXIMUM ERRORS OFLATITUDE, LONGITUDE, ALTITUDE
AND POSITION RELATIVE TO IDEAL PATH

Maximum Errors (m)

Latitude 0.4975
longitude 0.52741
Altitude 0.3672
Position 0.61234

B. Test2:Placing Three Obstacles in Path of AUV

Throughout this study, the AUV route comprises three
barriers. After that The AUV sent automatically from the
Base station (B onwater surface to Target positiongfT
to test its efficiency. In the same time, the path taken by
the AUV is stored in AUV memory. This path is plotted
with the Matlab program ahown inFig. 26

In testl, the estimated errors of latitude, longitude, and

altitude relativeto ideal path are shown fig. 25.
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FromFig. 27, the maximum estimated errors of latitude,
longitude and location through GPS blackouts are shown
in Tablelll.

TABLE lll: MAXIMUM ERRORS OFLATITUDE, LONGITUDE, ALTITUDE
AND POSITION RELATIVE TO IDEAL PATH

Maximum Errors (m)

Latitude 0.6321
longitude 0.78341
Altitude 0.3214
Position 0.81235

C. Test3:ReturningAUV Back to Base Station
According to the Memory Stored Route
In this testchanged obstacle 1 location and obstacle
2 location. After that the AUV return back from target
location to base statiomccordingto the route saved into
its memory. The returpathtaken by AUV is plotted with
the Matlab program as shown as shownRim 28.

Fig. 26.The path taken by AUV to reach tterget with three bstacles.

In test2, the estimated errors of latitude, longitude, and
altituderelative to ideal path are shownkhig. 27.

Fig. 27.Estimated errors of latitude, igitude, and altitude relative to Fig. 28, Return path taken by AU\according to Stored Path in its
ideal path Memory.
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