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A Study on Underwater Navigation System of

Sensor Model-based Underwater Track Robot

Ji, DaeHyeong

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In this study, an underwater navigation algorithm was developed to apply
the underwater navigation system to the underwater track robot. Generally,
underwater navigation uses a Doppler Velocity Log(DVL) to measure the
velocity of underwater vehicles. However, undersea platforms, such as
underwater track robots, cannot use DVL due to the distance limitations of
sensor operation. As a result, Dead Reckoning(DR) navigation is inevitably
used, and which results in severe errors in attitude and position values
over long periods of platform operation. To overcome this problem, we
developed an underwater navigation system composed of coupled Inertial
Navigation System(INS) composed Ultra Short Base Line(USBL) and additional

track information.

The INS sensors were modeled using the mathematical model of the

accelerometer, the gyroscope, the magnetometer.
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Before the experiment, computer simulations were performed to analyze
the expected sensor values for specific track missions in unexpected
situations. Based on this, we developed an underwater navigation algorithm
for a prototype underwater track robot which we developed at the lab and
confirmed the effectiveness of the navigation algorithm through

experiments.

For the prototype underwater track robot, we developed the navigation
system, the electric hardware, the control system, and the operating
system. Finally, we applied the developed INS and the underwater
navigation algorithm to the platform and verified a good performance

through real sea experiments.

KEY WORDS: Underwater navigation system <%3H A]2E®l; Doppler

velocity log =2 4 %4, Dead reckoning = 3H; Inertial navigation

system ¥/d&H Al 2<Hl; Ultra short base line Z&7]A 9| X 32 A| 2-H],

_Xi_
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Table 1.1 Features of Underwater Track Robots
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A2 g WE AN FotE =Y

IMUE 9whsoz 33t BrdAe] g Aae 9t AAR Axdos
o A&EAZ FHo Btk FMZ AHAE olgdtel U U

7)
o, 952 B AFdA AEH & #olA Ao]Z(Ring laser gyro, RLG) EFYY o]
HKinsey et al., 2006). 91XE BAs}7] 93 INS-GPSE FT&T A"
e 9% MUY Aale 53 A="e dA Ae5s AAAATFE ofF T8
g gao)H, MUANA TAHEE 23 240 Udk 54 22
glo] eak 54 E4o] Jbssith

o] A= MUY EZITHE 7IEEAH, 554, AHAY 83 ndsl

7}
2 Aol miZf S o] &8ty AMAE 2dF .

Fig. 2.1 Typical IMU sensor Family(MEMS/RLG type)
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2.1.1 7I1& =4

e mae B MEE A, MR dESEE At THEEs)
A= S =dy Iok(Titterton & Weston, 2004; Brunner et al, 2015;
Hostettler & Sarkka, 2016; MathWorks, 2018). 71454 RdS F5 Ao AL&
H wAHES Table 2.10] Ao, Fig. 225 2d F% W2 o i3k B&
Tholo] 1S LhEbiTh

Table 2.1 Parameters of accelerometer
Parameter Units Description
b Orientation of sensor in local navigation
" coordinate system
Acceleration of sensor in local navigation
7 /s coordinate system
fb /s Accelerometer measurement of the sensor
in the sensor body coordinate system
S rax m/ s Maximum sensor reading
S rs (m/s*)/LSB Resolution of sensor measurements
of m/ s’ Constant sensor offset bias
S % Sensor axes skew
fp (m/s*)/J Hz Power spectral density of sensor noise
/B m/ s> Instability of the bias offset
fw (m/s%)VHz Integrated white noise of sensor
for (m/s%)/°C Sensor bias from temperature
S Typ %/°C Scale factor error from temperature
fr - Operating temperature of the sensor in
degrees Celsius
I w Hz Sample rate of the sensor
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fo: fuz fo, fuz fwr: fuz
W W R d
Bias Instability White Nosie Random Walk Nilnmgg
Drift Drift Drift G
enerator
S P
frifar fror B1 B2 B3
Environmental
Drift %
Drift fmaxrfRF
f"——* Convert to a Bulk b / c a Quantization € b
RD ——| Sensor Frame Model \‘// Model f
T Scale
O fu
Scale Factor
Error Model
frifree

Fig. 2.2 Block diagram of accelerometer

Convert to Sensor Frame

HQRDE A t3 TtE= e
=2 ¥t

a=R’f"

Weko] AlS Falo 2 JdEEE A o A

Bulk Model

21(2.2)8] AlA ZH Ao AHol T 7tEE ae
24d % Hlolo]~E F713T

—_ 11 —
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Fu, T ] g
100 100

b= S 1 S
100 100
Fu, Tu,

| 100 100

(a”)| +of 2.2)

ANA 8f A&EEAC wARGl, fy, = Su S 1| e NEEA
AMAMEE R WA, T oW R A WA 9aE 4gs

Bias Instability Drift

Hlolo] ~ Eobg A =g ZE(Bias instability drift)= 2](2.3)3 o] WA F&
Hojoj 22 mdd ¥ & FEjE Hrh

By =nh* (?/U)(fB) 2.3

A7IA fpe 7FEEAC] wiEsolH, b 2@} Zol fp A=
A oj¥ HEfolth

1
2

IR |
1+ ( [ 1)z

2.4)

HI(Z) =

White Noise Drift

WA g =g ZE(White noise drift)= 21252 o] WA ;g gEo ¢
T 84 BF HAE ¥t 2dd @

B, = <w></ =) 25

Collection @ kmou



QAN ot fpe AEEAL ARG, wE £40 o8 Fojd o
o]},

Random Walk Drift

0194 P2 =g ZERandom walk drif)= 21263 o] wWA g AR
AE nlo|o]l A 3 U HE YIS mdd Hoh

i ) (2.6)

Bz = hy* (w)(

H

2
AZIA fyst [ 7FEEEAL wWZiHsol, hye A@Q.D1DF o] Hold
ZEo|t},

1
H2<Z) = 2.7
1+z

Environmental Drift Noise

374 g =ZE ZS(Environmental drift noise)S 21(2.8)7 7o) & %9}
A} AA Y A5 Ato]le ztoldl 2% Hlo]ojAE Fat EHE Hr

AN [ fope NHEEAC] wARSo, 4 5 BE LR T
Fet.

Scale Factor Error Model

2w o8 3ak Al 2 F(Scale factor erron)s 2 (2.9)3 Zo] nddy =

o},
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—25
Iz )(f7) (2.9)

o =1+ g s

ANA fr9h fr B MEEAL dESeH, 45 25 wE £ AT

3tol, = =RoME f,8 25 TE AT

Quantization Model

“FAsHQuantization) = 2](2.10)7 #Zo] A& 2s 2d& WA A A 22
g 3.
Z.f d>fmax ’d:fmax

e=\elseif d <— [ @ =" fmax (2.10)
else d

a8 g5 H@IDI 2] freE AT

fb :fRS(Vound(L)) 2.1D
RS

ATNA [ S THEEA L] wlA R S0l T,
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212 &=

—

SRR

.
7457

2015; Hostettler
of Al wi/jHS

A

A7) shoh(Titterton & Weston, 2004; Brunner et al.,
& Sarkka, 2016; MathWorks, 2018). Zt&5 4 2dS §5 A
£ Table 2.20] A&, Fig. 2.3 2d §5 W0

gt EErholoj S YERAT.
Table 2.2 Parameters of gyroscope
Parameter Units Description
R Orientation of sensor in local navigation
" coordinate system
fb /s Accelerometer measurement of the sensor
in the sensor body coordinate system
o rad)s Angular velocity of sensor in local
navigation coordinate system
o radls Gyroscope measurement of the sensor in
the sensor body coordinate system
W rad/s Maximum sensor reading
@ ps (rad/s)/LSB Resolution of sensor measurements
ow rad/s Constant sensor offset bias
@y % Sensor axes skew
@p (rad/s)/J Hz Power spectral density of sensor noise
Wg rad/s Instability of the bias offset
y (rad/s)JVHz Integrated white noise of sensor
Ws7 (rad/s)/C Sensor bias from temperature
@, %/°C Scale factor error from temperature
v, °C Operating temperature 01.c the sensor in
degrees Celsius
Wy Hz Sample rate of the sensor
Wsy (rad/s)/ (m/s*) Sensor bias from linear acceleration
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Wy, Wz Wp,WHz Wy Wz
W W W R d
Bias Instability White Nosie Random Walk Ninmgg
Drift Drift Drift G
enerator
bW P
W) Q5T O B1 B2 B3
b Environmental A
i \G
ﬂ)af
Drift Winax, WRs
Wt ——>  Convert to Bulk b /- c d Quantization
RE ——{ Sensor Frame Madel \//' Model
T Scale
Sw, Wy
Scale Factor
Error Model
Wy, Wy,

Fig. 2.3 Block diagram of gyroscope

Convert to Sensor Frame

212.12% AW g 4% 'S

O 2 W
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@y wMS_ r
100 100
0] @
b= 1 1D 4w (2.13)
100 100
@y @y
. 100 100

A7IM dwe AEEAL wifATFoIH, @y = [Py, Pu, Py

iz 3 HA, F oA 2 oA i . 4AE e dnh

Bias Instability Drift

Hloloj 2~ EolgA =g ZE(Bias instability drift)s 2](2.14)¢} o] wA
= Hpoloj2~=® wdd d F JEP "o

61 — hl* (W)(CUB)

ATNA wpe AEEAL ARSI N, h & ARI5G Bol w, HHOE
Hold Wel ok,

Hl(z): 1

5 (2.15)
1+(—=——1)z1!

W

White Noise Drift

WAy S =g ZE(White noise drift)ys 21(2.16)3 o] A} 38 A H9

FF WUAE Fob 2dY "o

8, = <w></“’7& )(wp)

(2.16)
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AN 0o wpys AEEA) BAEFels, wi S46 o] Folxl W
o]t}

Random Walk Drift

o] =2 =g ZERandom walk drift)= 212177 Zo] #WA 5 AFE9
T 8aF Helolx 3 U HE sty Ry Hn.

By = hy* (w)(—2) @17

Wrr,

2
A7 gt ogpe AEEA L mfHoIH, by AQ18)3 Zo] AHeojd
ZEo|t},

1

H,(z) = —
? 1+z ¢

(2.18)

Environmental Drift Noise

37 gz E #Fe2(Environmental drift noise)& 21(2.19)¢} o]

xF 2
dA) AAe AEew Aole] o] £ Hlolol g Fatel mud Heh
AeD — (CUT_ 25)(0)87‘) (219)

A7 0t wsre AESEA Y] mJfHgoIH, A 265 2E 250 "

Fet.

Scale Factor Error Model

LT A Al 2 F(Scale factor erron)= 21(2.20)3 Zo] mdd =t}
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wr— 25

8Cl)sf =1+ (W)(CUTSF) (2.20)

A7 0t wp = ASEAL Aol Fa 25 B 254 ST

3, = =wdAE wps 25 TE AHESHTH

Quantization Model

FAFsHQuantization)= 2](2.2D)3 Zo] A4 215 2SS WA ESIAA 23
g st

Z.f d > wmax ’ d max
e=elseif d <— Wy d == Oy (2.2D
else d

O" o3 2Q2.22)9F 2ol wpes AR T

o’ = wRS(round(wLRS)) (2.22)

AN A = 24 EA 9] Bl )RS0l T,
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2.1.3 zEA

AEA mde W VST dY, AHA e miHSE ALEste AEA
= 72+ md8 SkBrunner et al., 2015; Hostettler & Sarkka, 2016;

MathWorks, 2018). A& A =& &5 Ao A= u]/lH S-S Table 2.39] A
93l9a, Fig. 24 24 f% B Oist ESgolojasS vebdt AF
7} A" a3KSoft and Hard Iron effects)= F-Z2of A <354t}

rr

Table 2.3 Parameters of magnetometer

Parameter Units Description
P Orientation of sensor in local navigation
" coordinate system
" T Magnetic field vector of sensor in local
navigation coordinate system
" - Magnetometer measurement of the sensor
in the sensor body coordinate system
Mrax uT Maximum sensor reading
M pg uT/LSB Resolution of sensor measurements
om uT Constant sensor offset bias
My % Sensor axes skew
mp uT/JHz Power spectral density of sensor noise
mpg uT Instability of the bias offset
My, uT/JHz Integrated white noise of sensor
My uT/C Sensor bias from temperature
mr. %/ °C Scale factor error from temperature
m c Operating temperature 01‘c the sensor in
degrees Celsius
My, Hz Sample rate of the sensor
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Mg, Myz Mp,Myz My, Mygz

il W il

Bias Instability White Nosie Random Walk w Raridom
: b ; Number
Drift Drift Drift
Generator
N _d
My, Mgy, My, B B2 B3

Environmental

Drift Max, MRes
M ——s  Convert to a Bulk b / £ d Quantization & »
RD ——s{ Sensor Frame Model kj Model m
T Scale
&m,my,

Scale Factor

Error Model

Mr,Mree

Fig. 2.4 Block diagram of magnetometer

Convert to Sensor Frame

2](2.23) Aol g A m"& AHESte] 2 ZH YA AlA ZEde

a=R'm" (2.23)
ko] Al Paloz dHEHE X Mo 3 PF= HEksg

Bulk Model

21(2.24)9] zPgel Ao 3 A ax= F3 2dS Bl = o

24
42 9 vpoloj2g Frhurh
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My, My, |
100 100

m m
b= Mo Y 1 (a) | + om (2.24)
100 100

My My,
| 100 100

A71M ome= A=A wiANEFOIH, my, = | Py, Mo, My, | 2 AHEA W)

Az A HA, F 14 2 A A .45 dYsiA Ao

Bias Instability Drift

Hlolo] ~ Eelg A Ty ZE(Bjas instability drift)s 2](2.25)9F o] WA 3t

s Hloloj2z =9y B F WY Aok
By =nh* (W)(WlB) (2.25)

A7 A mye AAAL wiAbsolH, 1 e A2 2ol my, RO A

BEEERLS

H (z)= (2.26)

White Noise Drift

WA 2k =g ZE(White noise drift)= 2)(2.27)3 o] WAl S5 A E 9
B Q20 XFE WAE B 2dY Ho

BZZ(wX/ﬁgﬁﬂmD) (2.27)
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AZNM mp ot mpe AEA WA S0, we FA4o &) FoI

Zolt,

Random Walk Drift

o] =2 =g ZERandom walk drift)= 2](2.28)7 Zo] WA 5 AFE2
b 84F Hlojojx 3 Ui EYPs 2dY "o

myy

By = hy* (w)( ) (2.28)

Mg

2
AZIA myt mye= AHA L wiEFolH, hye 22299 o] AHold
ZE ot

1
1+z 1

Hy(z) = (2.29)

Environmental Drift Noise

374 =gz E Z&(Environmental drift noise)= 21(3.30)% Zo] TF %9}
o] .

A WA A5LE Aole] Folo] L= Hloloj 1 gl ddY AT
AANA mpSt my= ARA L] WAMSo ], 4 5= FE Lxo FP

=

Scale Factor Error Model

LT A Al 2 F(Scale factor erron)= 21(2.31)3 Zo] mddy =t}

Collection @ kmou



100
A7V mySt mye A ARSI, 4 5= EE Lo §PE

o, = =EdAE msg 25 CTE AMESATH

Quantization Model

FzFsH(Quantization) = 2(2.32)9} o] AL Alg mElS HA ESIAA g
g 3o}

if d > My »d = My

e=elseif d <— My d == My (2.32)
else d

9 Y 223D o] myss 2AIH

m” = m ps(round ( ) (2.33)

m ps

AZIA M AHEA S w7 ol
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A3 F S TH dnIdFE

3.1 HEA
Xluﬂ}Jr:zﬂl(North -East-Down, NED)«] 347
4

NED Frame

Fig. 3.1 Coordinate systems

HskE ZFo] AEW o] e AT FH A=

AF7F B Ed S 1
# 9 %(Geodetric latitude) o)t 18}

(Geocentric latitude) A7} o}yl X &
szl Al AFEste AFEES ATFE &

dulx oz &F7] SEEAHS
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gt 2 7S] wiEedl Z7F A7 2 4 )k (Siouris, 2004).
Y

INS= Aol2 23z AIMe) A& A5 gs F8std 7] AA=RH A
SHog A B3, VSR A EHFI7F W &S A
& Aol sjdete THEE A5 ge A
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3 = 1 &5t 2AE AT FUEFL VFez 74
&5 gio] At A9 5ol o3 A&EE oty AGB2E YEd &
Atk
ACOS
o, =| —o (3.2)
— Asing

Aoz MM ZAANN AT A 0 A Y B FEE RS
AAR] FAY A AEERS A4S ofre H3IoE el = 9

LE AR MM ZHA, Wy, = AR AA

o] npolojx 94, Cb A FHEANA P HFEAZS A Hol
W,
@ — wl/ :wfb_wbias_czf(w?e_l—wz;n) (33)
w,

AAE A7) % PHoRE ode Z(Euler angle) ol S8 By

kg ALl s d(Direction cosine matrix, DCM)S o] &83sl= HH,

>
o
2 4y H

(Quaternion)& o] &3t WHol Utk ¥ HzTA L FA HZAV HAFH

< o, A FHE JtEEA} AEEAE S5t dH HEZAZ WISt
A G FHEA A M WstE & Uk old Al 3H A=F AEshed,
Al A A=5 o8 Aoz AHosiH, FAqA SA s &8st
A 7o WEE & F Aok WFIAAR] FES A Zo dig I FFES
gg3te] ol AMZEE dA AHRY ®WES AT F AT AMFE 3
AFS oulste shte 2zets} JASFES sk 3708 HWEE o] FolA

A4 MBS AdD ¢ ATHEHEZE, 2005).
2o A 2HGimbal lock) @&l Loy = Abda WAz AAE AL

stk Ao T olelel 43-9 2ok
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q=90q19:a5)7 (3.4)

ey

At SAe] AEE2RE AA ) WElge A4shy] 97 AR T

Bae olele AB5F Atk ¢ AUF] AP oJvFh

A

0 ~w, 0w, w,
- 1 |, 0 o, o,
G = 5@ Q)= < (35

v, W, —w, 0

A Ao Mg FomHE Ao AdaT AME AAtstd oo 2
3-6)o.2 xEE  JtHWang et al., 2015).

0
dr+1 = 4 [3X3(1—A§k)+%.9(a)) T.|4r (3.6)
TtEE AA el 2HFI 2] S A9 ol AAY AA TMEE AlA
of 2gA7 2AHE A7ke] AAE = WY} floh el @A) AM 2R
=Ax9 F8 WEHE A4 ¢ J, FE HEHZRE dA Y =, 9x &
G & An WA EE SHARRY FH NS ALY @ BsE 03

= 9] 9% oA F4E BLIT AGDE o F4E YEU =

e, gt FANA ZHT NEE ZHANE AHAHA HEE WE, g,

ofj
JE

ferror (Q’g’a) - Cbn<Q)g = (C;f(Q)) Tg o (ab T abz’as) 3.7
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0 ) a,
Q—H, a, = JZtara a, (3.8

49 oAE @A AMNEHRE AASH @A AAe] sl & F Atk
23 FFEZEE A% & 2AE F85te] AMdSe 2xE AAS] 4
3] Al 3h7¥(Gradient descent method)S &-&3FcHWang et al, 2015). ©]#
ARl A Al A AA AIZEe] e AASE A2 oo A(3.9),
(3.10), 3.1Doz2 el 4 Ao

vfewor (q,g,a)

qz(kJrl) :qk_#( || erww(q,g,d) || (39)

V Forror(@s9:a) = T (@) f o (q.9.2) (3.10)
4y 43 T 4odq

J@) =2 @1 4 4939 (3.1D
do — q1 7 4243

4O p AN IR AR DGt sizeelth. 4GB0 23 F
&2 ZAHGradient)& AR Holm, H(-1De] J(g)E AdFel b A=
Hlgk s ot}

>
o
i
2
>
i
>
e
B
By
o2
o7
rlr
to
_&
N
L
.
B
o~
o
f
-r
>
i,
2
o
>,
o
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e AAIE TS o= ARESITHe] 7], 2002). off e Fig. 3.2+ AAME A
st By YElo] F2E ehd ol
0. Initial value selection
q0.Po
- External error removal and
¥ orientation calculation
1. Prediction of estimate value Eq. 3.3, Eq. 3.6
& error covariance
Qp(r+1)
Aty = Al N
‘D(—k+1] = AP(::]AT +aQ Gyroscope
Measurement
@ ?D
2. Correct of Kalman gain
K+
= PeanyHT (HPGpyHT + R) ™1 Eliminate measurement error
Eq. 3.9
3. Correct of estimate value =CEs) I
Gr+1) gy Orientation
=Gty + Ker1) (@ — Hzqe41) Estin:ate value Accelerometer
Jr+1) Measurement
a
4. Correct of error covariance
Pi+1) ',
= Plrs1y = Ker 1y HPges 1y
I
Fig. 3.2 Kalman filter for orientation calculation
2o Bl A RS JE MsE AL AR APetya, olm 53
A wed He okele 43123 2ol vebd & itk guAe] FPs} w3
ol ok S AE2 72 A B el oA FEANCE AR ST
1000
= 0100 (3.12)
0010
0001



AR A Tt X4 A Q7] s HB1)T o] AT
8 w4 FRB

J = q (3.13)
gl

ftlo

AzHon AND AAFERE @AY 0d¥ Z AAs HEADYY
Aalr] alAE ofdlel AGIO-GINH 2 HEWs FLL B A
sHo et

(2

Gré+a+ad 2(aa—aas)  2(q1as+ q0as)
Cl=|2 (Chq2 + 510613) C]g i C]? + q% '3 q§ 2 (Q2Q3 - C]oCh) (3.14)
2(q1qs— 0q2)  2(@as+ a0q1) @& — ¢ — g+ ¢

—siné
)

0 =—tan ' ( (3.15)
cost
_ 2(q1q5 = q0q2)
=—tan"'( 123 2 2 T Y )
\/(Z(QZC]S+QOQ1)) t(g—a—a+a)
s 20995 T q0q1)
p=tan | (S02) = gap (B TNNT ) (3.16)
cosp o~ — &t

2(q19, — 405)
= tan *( > oty ) (3.17)

2 2 2 2
Gotad1 —4q2—q3

_1,8In
y=tan ' (Sr)
COS
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rJ

d FHor FA AAE FEH7] 9 H
B} a8ttt 27 AAME et 271 A 7 @ (Coarse ahgnment)
I 2Tk e e HAHY FAHAAE o] &t a2t A 8 BAste= dd
4 (Fine alignmenh® FEETH26] £ =&dAAE /M AEPHOE %7
NS Al4Fe AT

M JEe A Aol &= MM 8 Ao|2 4149

2478 B8
of 27 AAE e ol AA AHAA NEEE FUAEE HEu
2 AT Yok AGI9T AG19sH Lol e WIS P4 AWL Fahm
Z Y dEe WFo2RY &, 9X Zho g 7] AAME ALE & At
(7835, 2005).

a

¢ =tan ' (a—y) (3.18)

ax

6 =tan ( ) (3.19

2
\/ay—I—a

C a)zb CICZCUZZ (3.20)
213.200& Aestd otge] 2G@.2DE YEtd 4 Utk

cloby = Gl (3.21)
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8 7F2 2(3.23)% #Zt.

?_]__

s

Q.22)=5FH At

(3.22)

(3.23)

2

INSell A 2}(3.24) 2

(3.24)

)+ (wh, )| V"4 g"

n
e

V"= Cla,— [2(w~

W AEANA el

~0]_
n

A Ve

Al
-l

4
THEE

L

x)& 27}

en

(@, x) 9 (@

= -

al 9=ol we 59

A FHel

5o ue
shel Al

th(Madden, 2006).

3+

<)

Fa off o] 4B.25)=

d|

IRe

o

(3.25)

1+0.00193185265241sin’e
J1—0.00669437999014sinp

—9.7803253359

n

9
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T 23 E DAZ Zb= 33490 wE] Xol oiek WA

d qEe oty 44
(3.26)3 o] e 4 Qlth
0 —x23 x
(Xx)=| 23 0 —x (3.26)
—xy x; 0
3.2.3 1A A
AZH ZAHE olFdls A9 olF2 FH HIAA 7 o029 £Ho
ZHEEH 7T F A oA A4g SEE2RE A A%, HAE, 159 O
sk AstES AlAkstd ofgle] 2(3.2DE YERE 4 o
p= = e h= 2
¢_M+]/L, _<N+I/L>COS§0, — Vg (37)

213.2DANA vpp v Vp=

AHHEA ANA 2

7k ool g oujatn, hi
LEE @tk Me e mE Ao BE FEWNACE oo 4329
2RE ASE 5 3o,

r,(1—¢°)
(1— é%sin ¢)3/2

(3.28)

3tal, ex= A9

% glth o

OJHNER 2](3.29)%}
19y, AT

2ol AFe] Az

[e)

2 omath
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2 1/2
"p
e = (1 — —Zj (3.29)

v

N& A7 P ZEMAoe oz 233002 el 4 .

7/6
N = (3.30)
(1—é%sin’p)"?

324 INS 22 =d

INSE & 288 AAEY o3}, 2HF 27 AAY o}, Ak 2
A oz Qs FW oxrt AT I xS BAEY] AHAE oE
of thet Fr7} Fositt wetA LAES Aosta A % ox 2l
e AW INS & AAE s EHon
gqx o3 mdl
92 Wsto] W vlEWAAC 432D 13 HYH FEE v A
o Yehd 4 Atk 2@B2ndA extel] ek 4R BRHE £To g 2
3, =ol g 2, nxel e o}, AT P FEuA o3, AT
Fod FEwge oRE TR & Ak o 2USd hate Fd Az
« okl 2(3.3D), 21(3.32), 21(3.33)7 ZHSveinsson, 2012).
o U set S, (3.31)
p = - ¢ :
(M+h)° (M+h)? M+h
: N’ v, 1
84 = (tang — )¢ + oh+ dv, (3.32)
N+ (N+ h)%cose (N+h)*cose
oh = —dv, (3.33)
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AG3DIH M/ e 9% 2ol g ATe BE TEWA oA A(334)
3} o] UEhd 4 gle.

o 3r,(1— ¢*)e’singcose 334
(1—esinp)”? '

2](3.32)9] N'& 9=

oo o ATe Yo TEWHS AR 4
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Table 3.1 Specifications of the IMU used in the simulation

Index Accelerometer Gyroscope
Measurement Range 362.846 m/s* 18.7448 rad/s
Resolution 3.6576e-12 m/s* 1.2e-16 rad/s
Constant Bias 0.0098 m/s* 0.8727 rad/s
Bias Instability 0.0001 s/s* 4.48e-6 rad/s
Noise Density 8.3357e-4 m/s*/JHz 0.0785 rad/s/JHz
Update Rate 100 H=

Table 3.2 Specifications of the magnetometer used in the simulation

Index Magnetometer
Measurement Range 80 uT
Resolution 0.05 pT
Constant Bias 1 7
Noise Density 0.0239 ,7//Hz
Update Rate 100 =

Table 3.3 Specifications of the GPS used in the simulation

Index GPS
Horizontal Position
1.3 m
Accuracy
Vertical Position
1.9 m
Accuracy
Horizontal Velocity
08 (,‘Wl/ S
Accuracy
Vertical Velocity
1.3 cm/s
Accuracy
Global Position 05
Noise Decay Factor '
Update Rate 1 i
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Fig. 3.4 Angular velocity/acceleration input of IMU model (Case 1)
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Fig. 3.9 Result orientation of navigation vs. real orientation (Case 1)
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. 3.25 Navigation sensor measurements derived from the IMU model (Case 3)
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Table 4.1 Specifications of underwater navigation system

Index Value Units
Length 420 mm
Width 300 mm
Height 300 mm
Weight (dry) 8 kg
Weight (water) 2 kg
RLG, Depth, USBL, GPS, TCM, Altimeter,
Standard components
Leak sensor, Ethernet Hub

= =
HASRA. Fig. 425 5594 Azdel Aot Axde 3o F8
2 U, AR, AU%, BARE FAUD AARE Y A AxY
282 918 AN AR F 87hx o]tk GPS, AA, RLG, 44 4A,
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INS7F s A1 swow ZFE A9 7 N0 e AYo Wy
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Fig. 4.2 Block digram of underwater navigation system
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ZTIH A" AL8H & AlA = RLG, GPS, A#H A, USBL, F41 AlA,
Z 67171 AHEEe, ME AlA e AY-e Table 4.29F 2t} INSE
5< Eol7] 98 MEMSEFY 9 IMU th4le]l RLGE A3ttt USBL&
ZPZANM AL F JEFE 2E 7|5 Zhe AME AAHFAT

Table 4.2 Specifications of sensors included in navigation system

Index Value Units
Operating Range fifg(; 1 Accele;(()) meter| . /sec, 8
Scale Factor Linearity 150 300 PPM(1 )
RLG Bias Repeatability 1 1 * /hrym—g(10)
Bias Stability 1 1 */hr,m—g(1lo)
Operating Voltage < A ) Vv
Position Accuracy 1.3(H), 1.9(V) m
GPS Velocity Accuracy 0.8(H), 1.3(V) cm/'s
Update Rate 25 Hz
Operating Voltage 4.5~24 \
Measurement Range +80 uT
Magnetic Resolution +0.05 uT
compass Repeatability +0.1 uT
Operating Voltage 4.5~10 \
Measurement Range 1H), 1(V) km
USBL Resolution +50 mm
Operating Voltage 9~28 Vv
Measurement Range 300 m
Depth Relative Accuracy +200 mbar
Operating Voltage 2.5~5.5 Vv
Measurement Range 0.7 to 100 m
Altimeter | Operating Frequency 200 kHz
Operating Voltage 2.5~5.5 Vv
— 66 —
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55l Navigation System for UTR
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Fig. 4.6 Operation software of underwater navigation system
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Table 4.3 Specifications of UTR

Index Value Units
Length 600 mm
Width 500 mm
Height 250 mm
Weight (dry) 35 kg
Weight (water) 10 kg
Ethernet Hub, 200W BLDC motor, Motor
Standard components )
drive, Battery
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Fig. 4.8 Block digram of UTR
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Table 4.4 Power specifications for each component of underwater navigation system

Part Number Q’'ty (EA)| Voltage (V) Current mA) | Power (W)
. y 8 Max. | Avg. | Max. | Avg.
Honevwell 5 800 350 4 1.75
HG170§AG37 1 15 700 | 250 | 105 | 3.75
-15 90 70 1.35 1.05
Seatrac X150 1 24 250 25 6 0.6
PNI TCM3 1 20 20 0.1 0.1
Bar30 Depth Sensor 1 5 1.25 1.25 | 0.0063 | 0.0063
Tritech PA200 1 24 90 90 2.16 2.16
AsteRx-m i 5 200 200 1 1
Mti-G-710 1 5 150 150 0.75 0.75
SOS Leak Sensor 1 5 20 15 0.48 0.36
Arduino pro mini 1 ) 22 22 0.528 | 0.528
MOXA
1 24 300 300 7.2 7.2
NPort5650-8-DT
Fathom-X Tether
1 24 90 90 2.16 2.16
Interface Board

Table 4.5 Power specifications of underwater navigation system

Power (W)
Index
Max. Avg.
Underwater 32.08425 17.26425
Ground 23.91 14.61
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Table 4.6 ’“ZE%‘EE—-‘H Zt FAAEE AR ek Ak, AR, &R AY
<= el Aotk & 257 Aol AHEHM, 7 A2 A A=l
& 52 An)Ql Fathom-Xolw, 7P @& HES 4w
o} Table 4.72 DC-DC &&@B5%)° W& FFTEHELY HA £ HdHE& 4
=3 Aotk &8 Ao HA 395 WollA Hof 372 Wrt AREHE 2
ATH

N

Table 4.6 Power specifications for each component of UTR

Current (mA) Power (W)

Part Numb 'ty (EA)| Voltage (V
art Number Qty (EA)| Voltage (V) = - Avg. | Max. | Avg.

MAXON EPOS4
Compat 50/15 CAN

& 200W MAXON 2 24 7580 | 728 |181.92| 17.472
BLDC Motor
Tibbo DS1102 % 12 500 | 200 6 2.4

Fathom-X Tether

1 24 90 90 2.16 2.16
Interface Board

Table 4.7 Power specifications of UTR

Power (W)
Max. Avg.
Basic system 372 39.504

Part

24.DE &R dgo digh wiEH g dUA ZFE& oE FHZ Aot o7
A Whs wEE AU AZWh), W= A" U] ARGZFW), L=

o

&+ 5a8%), Op= E%), H= &8 715 AzHh, B,= wiElg] A& 7}

1__

5 BF%), S S Al mE e A P 2 e Ageln,

Wh
_ 41
H (W.x L;) x Op/B,x S; @D
AUDE olgstel $FAY Azun FEEARRY £8 A AT A

257] 913) Table 487 o] Ax€d ALE /b5 WiEHE £3S hra A
of Ahgd weElEE AAs
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Table 4.8 Total power and parameters of the system

Wh (Total) Wh (Navigation) Lf Op Ba Sf
80 1 0.9 0.85 1.2

480 Wh (UTV) Lf Op Ba Sf
400 0.7 0.8 0.85 1.2

ofo
i
i)
I
=)
n)
i
do
el
i
e
NS
0
ol
kl
O_EL
Bt
_
o
o
o
BN
N
ok
i)
Mo o

7bs AZbE UERd Aeold, Fig. 499 (b o Fot&ol wE FFEIHZH

o] &8 7l AIE Uehd Aotk A& A3 FFYEYH Al="E ¢F 23 h

TTEYERLS o 13 h &8 /I3 A2 FHAG webA 480 Whel vl

2 F5YH Ax"Y FFEHZ RS Po] 8319S W HoJx 13 h &

£ 7 Aow FHHAG
30 10
]
25 8
20 g
= = 6
w 15 w 5
E E
= F 4
10 3
5 2
1 T —

] ]

o 0.2 0.4 0.6 0.8 1 1.2 0 0.2 04 0.6 0.8 1 12

Lf Lf
(a) Navigation system (b) UTV

Fig. 4.11 Operating time of each system according to Lf
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Table 5.1 Specification of commercial trenching UTR

Index Value Units
Length 5800 mm
Width 3495 mm
Height 2595 mm
Weight (dry) 35 ton
Contact length of
400 mm
track
Track width 900 mm
IMU, Depth, USBL, GPS, TCM, Altimeter,
Standard
Camera (analog /HD), Image sonar,
Components X : :
Oil hydraulic motor, Trenching tool

HE ALt um A AAM FA4L 71€2] Al&"s 2o RLG [ AFAE 5
2dE AHEstdon, USBL /| 4 AA | 4
o] AHEEAT. o] Aol A AM S 34l A2 Table 529} aT}.

USBL Navigation
[USBL] Position, Velocity Solution
USBL
-
Magnetic | [nitial Atitude G Integration
compass 4+ Kalman Filter
Integrated
Navigation
; . — Solution
MU — Mechanization +3%
J [INS] Paosition, Velocity, Attitude \_r/’
& ]
! ______________ B o s o L e e P e e
Bias Comections Position, Velecity, Attitude Corrections

Fig. 5.2 Underwater navigation system without encoder
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Table 5.2 Specifications of sensors included in trenching UTR

Index Value Units
Operating Range f{g(?) 1 Accele7r(<)) meter) . /sec, 8
Scale Factor Linearity 150 300 PPM(1 7 )
RLG Bias Repeatability 1 1 * /hrsm—g(10)
Bias Stability 1 1 */hr,m—g(1o)
Operating Voltage 5 =+15 Vv
Measurement Range +80 uT
Magnetic Resolution +0.05 uT
compass Repeatability +0.1 uT
Operating Voltage 4.5~10 Vv
Measurement Range 7(H), 7(V) km
USBL Resolution +0.1 Range %
Operating Voltage 24~48 Vv
Measurement Range 3000 m
Depth Relative Accuracy +0.01 Range %
Operating Voltage 9~30 Vv
Measurement Range 0.1 to 100 m
Altimeter | Operating Frequency 500 kHz
Operating Voltage 9~28 \
5.1.1 Heading 3 A% A%

TSI g Ee IE wWek(Heading) A4S &Q15Hr] 95t ZHUE S
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< HAT 5 Uk ZE JAE PFo2 W F o o] T AL FYT
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Table 5.3 Specifications of sensors used in ground experiments

Index Value Units
Operating Range f}g? 7 Accele;gmeter ° /sec, g
Scale Factor Linearity 150 300 PPM(1 7)
RLG Bias Repeatability 1 1 */hr,m—g(10)
Bias Stability 1 1 */hr,m—g(10)
Update Rate 100 Hz
GPS Position Accuracy 1.3(H), 1.9(V) m
Update Rate 1 Hz
Measurement Range +80 uT
Magnetic Resolution +0.05 uT
compass Repeatability +0.1 uT
Update Rate 30 Hz
Counts per turn 500 .
Encoder Max. speed 24000 rpm
Update Rate 10 Hz

(@) On the grass (b) On the urethane track
Fig. 5.11 Environment of navigation experiment
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Table 5.4 Position error result of navigation experiments

Index Position Error |
X Y Units
1 -0.0025 -0.0116 m
2 -0.0004 0.0231 m
3 0.1299 0.0843 m
4 -0.1078 0.1220 m
5 0.1021 -0.1289 m
6 0.0777 -0.2864 m
7 0.2418 -0.2198 m
8 0.0292 -0.1160 m
9 0.1189 -0.2148 m
10 0.2670 -0.1013 m
11 -0.0138 0.5503 m
RMS Error 0.13 0.22 m
— 90 —
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5.2.3(Test 3¢} 5.2.4(Test 42 Ad AE wlwste] AHeshH Table 5.59
2o 22 ARAAA 2 AXOE o] FSAW FI S5 G Atd &
Adol Az HF Y= RMS 2xHGPSeF vHla)+ ¢F [1.3 1] m=Z A=FH

H
H
oh sHARE EYel F3 £522 wa7] A ES Aol X=2o| A RMS 24t

Table 5.5 Position RMS error result of navigation experiments

Index Position RMS Error
X 4 Units
Test 3 1.18 0.94 —
Test 4 14 1.04 m
- 102 —
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