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Abstract

In this paper, I studied for the navigation system of unmanned underwater vehicle.
The INS(nertia Navigation System) is composed of 3-axis angular velocity,
acceleration and geomagnetic sensor. The Extended Kalman filter is applied to
filter out noises of the sensors and to estimate the real sensor states.

Here, to compensate sensor errors, we applied at reference data.

An experimental device was built to test the performance of the composed INS of

USBL and AHRS..

iii



Fig. 2.1 Navigation COOrdINate......cccimuiiiiiiiiiiiiiiiiiie ittt 4
Fig. 2.2 Body COOTAINAtE . ...uuviiiiiiiiiiiiiiiii et 5
Fig. 4.1 Algorithm of Kalman fllter.....cccociiiiiiiiii e 15
Fig. 4.2 AHRS’'S @lGOTTTNIML.cciiiiiiieeeeeeeee e et 16
Fig. 4.3 Structure of AHRS’S hardWare.....cccouveeeeee e 17
Fig. 4.4 Structure of INS'S hardWare .i.ocooe oo 23
Fig. 4.5 Software algorithm of GPS—INS ... ..o 25
Fig. 4.6 Structure of GPS=INS’S hardWare ...........ccciiiiiiiieeee e 26
Fig. 4.7 Software algorithm of GPS and sonar — INS......iiiiiiiieee e, 29
Fig. 4.8 Structure of GPS and sonar — INS’s hardWare.........uuueeeeeeeeeeeeeeeeeeeeeeeeenn 30
Fig. 5.1 AHRS’s simulation using Matlab simulink.......cooeevvveeeeiiie 33
Fig. 5.2 Simulation of AHRS’s sensor model using Matlab simulink ......................... 34
Fig. 5.3 The result of AHRS’s simulation for roll, pitch, YaW.....cccocciiiiiiiiiii 36
Fig. 5.4 The result of AHRS’s simulation for angular veloCity ....ccocccvvvvieiiiiiiiiiii, 37
Fig. 5.5 INS’s simulation using Matlab sSIMUlinK .....ccvvvveeeeeiiee 38
Fig. 5.6 The result of INS's simulation for acceleration ......ccccouvveeveeeeeeeeeeeeeeieeeennn 40
Fig. 5.7 The result of INS’s simulation for VElOCItY wuuuuviveerieie 41
Fig. 5.8 The result of INS’s simulation for POSTHION «uvvvviveeeeeeeeeeee 42
Fig. 5.9 GPS - INSs simulation using Matlab Simulink .......ccceevieeoreiorie e 43
Fig. 5.10 The result of GPS - INS’s simulation for veloCIitY .., 45
Fig. 5.11 The result of GPS - INS’s simulation for pOSItioN.........eeveeeeeeeeeeeeeeeeeeeeeeen, 46
Fig. 5.12 Experiment of stationary AHRS’s performance at XYZ axiS........ecevvuveeen... 48
Fig. 5.13 The result of Gimbal lock’s rotation test over 90°.....ooccovviveeeeereeeiennn. 49
Fig. 5.14 Experiment of stationary INS’s performance at X axXiS...cccccveeeeeeeeeeeeeeeennen. 50
Fig. 5.15 Experiment of stationary INS’s performance at Y axiS......cccccevvvrveriennrnnee. 51
Fig. 5.16 Experiment of stationary INS’s performance at Z axXiS......ccccceeververieruenne. 51



Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig

. 5.17 Environment GPS - INS’s experiment.....
. 5.18 Experiment of GPS — INS’s performance

At X AXISeuiiiiieeieiiieeeeeeeeeea

. 5.19 Experiment of GPS-INS’s performance at Z aXiS......cveeeeeeeeeeeeeeeeeeeeeaaeeee.,

. 5.20 Experiment of USBL’s performance at X
. 5.21 Experiment of USBL’s performance at Y
. 5.22 Experiment of USBL’s performance at Z
. 5.23 Experiment of USBL-INS’s performance
. 5.24 Experiment of USBL-INS’s performance
. 5.25 Experiment of USBL-INS’s performance
. 5.26 Experiment equipment of USBL-INS ......
. 5.27 Experiment of USBL-INS’s performance

P20 € E N
AXIS tieieieee e,
AXIS teeeeeeeriie e
at X aXIS.eeeiiiiiiiiiiieeee e
at Y axiS.ceeiiiiiiiiiiieeeeeeeeen.

At Z AXIS ciiieiiieeiee e



Table 4.1 DSP28335 SPECIICATIONS wuuivniiieieee e 18
Table 4.2 IMU sensor(ADIS16405) Specifications ........cveveeeereiienieieieeie e 19
Table 4.3 GPS SpeCifiCatiOnNS...ccocuutiiiiiiieie ittt 27
Table 4.4 USBL SPECIHICATIONS t.uvuuiiiiiiieiiiie ettt eeaaaes 31

vi



Al

b3 ol

A g

7}

T
3]

A (AUV:

=

[}

]

Y

F Abeiols)

S|
&

A

[

T2

o

=

A 1A A2

o1& A(ROV: Remotely Operated Vehicle), AF&5-¢
7% 7

&

Z}
WA A 5

Az

)

s
=

\=]

[e)

al

pZS
Autonomous Underwater Vehicle)s©o] =2 A&

7 el

—

el

e
7K

=

B3

)

Jo

iy

of ol #xale] 91

=
e

571

o
i

olgt= Aol A

] GPS(Global positioning
o] LBL(Long baseline),

=
FLE

o] 3]

st o] o

°©

xTHor

b5

=

=]

8

- o

=

=

A7t §3t
to $15)e]

=

°©

Q2

= |8

=

system) AlA

°]-§-°l

o

El
1=

Eal

]

=
A

=

s}

o
=

SBL(Short baseline), USBL(Ultra short baseline) 59 =

AlZko] Agtoll whE

-
L

& 414

N

Mo LBLel gol ol guu, Al

5}

Njo

<
T

ol

o}
N
N

N

ol

ol A €]

o]
S

ase]

ol

wh



s 9ol gtk USBLS Atgol Asta ol%d LAg54S F4s0] muy
9 slols golsht, FAA Soluw 5 eaAelel gl Eeksith. of

of wel #g AA et 253 A E GPS AME §FsE HRIHAIAE] a9

At} olg gl HAIPUA A~ FHS S5 oS & A1717] flske], vl
ArAel GPS, A EZ=A(Depth gauge), E==7 <EE=AHXADoppler velocity), AAM
(Clinometer), ##}7] AA(Geomagnetic sensor), USBL, LBL, SBLS HZAA = &

Fohe BRGNS

o

Metek= o] Fasteh2].

B R 2Rt FEAE s 3FAAE PEEE A9 Al FA A4

=
=

L
rr
B

7] Al 2k

o

dS =osiglon, Al 4elA= sA9] roll, pitch, yawe] #h&
stobul= AHRS, #74d AMERE SAe] 914 ok A4l #ts stebdl= INS, INS9| £

b5 AT H G GPSE BHAS GPS-INS, =549 w49 91XE F3t7] g



o~ =
To

B
=

fﬂ.

2

HAIA

It
e



shg Aelslof Fu.

A2 F FAFA B

9ol 2719 AAE T3] AF 2AASEAS

Fargel AAer 94, Hs

2.1 3 FFZ A (Navigation coordinate)

sk 3% Al(Navigation coordinate)= <
5, &, 74 oldEHS et
qw

(orthogonal)s}al, E-

o] Qo).

e

%2 4%, N-52 4

A9 A% FHS

FH(Local level )FEAZ

O

Fig. 2.1 Navigation coordinate

Be teE 2

D=5 A5 EhgdAll

A Z Fig. 2.13 %



2.2 A FEA(Body coordinate)

A F3EA(Body coordinate) FATAHY AF FAHE 7T oR e FuAR

Fig. 2.29] ¥4 S 7oz o FAd,Age] x-F5 E(roll, ©), y-F& I A

(pitch, ©), z-F< SQ.(yaw, y= g3t}

Y

v yaw

Fig. 2.2 Body coordinate



2.3 FH3A ¥

AA 7 Z9st= kol 7leel B HAFACSA JEADS FHALHolA VFEoR
AR E = HEAGH #Ax3A)= AR vE=2r adeg FRgsAe] A4 S ALt
sh7] fleiM = #3A He] #HEwSko] dasity A e AR PE=A &5
7 FshAl 8o Wol] AREH &= A o] DCM(Direction Cosine Matrix)©] v, DCM-
M2 o Cartesian #3EAZEe] #HxWgks G4 & 5 vk

I AEAZ Aoy 0 W} BA AuAZ AolH e, o5zt A=

A1 ol vad & gt

P = Cfr” (2.1

A W% ™l = DCMeol#haL sk, AlAle]l H3ES roll, pitch, yawel W3k A%
A Fde T fS =S wokel 7+ 5 e, xF9 roll, yF9| pitch, z F
o yaws | AAHE =Ad= Fehd I AN A FEAR W= )

2 2(2.2)¢ #ZTh

C,C CyS, —S

v ¥

= Cf ((15)(?23 (O)Cf (v)= CySsS9 —CyS,  CyS, 545,85, CpS,

C4C,Se T545,  CySyS, —C,S;  CyCy

(2.2)



riot

m\l

o171, 7]

re
ofr

AW e oo Pk

1 0 0 cos@ 0 —cosO
CG@#)=|0 cosp sing|, GO= 0 1 0 |, G@=
0 —sing cos¢g cos@® 0 cosf

cosyy siny 0
sy cosy 0y 5

0 0 1



A3 F 27INHAE

A FtEEA e} Aolw MY =AXERE FHRE A ot

offt
‘_>‘4-"4
Y
K
)
1o,
B
)
2
EY

2 Fabe Aol AwAolth, a} B mRelA ALSE 3% 7R AAe] g A7)

Mg o] & 7] AT FHEE FAIY. L =M A AE A FHAEE A
Hg xFgshe 7HEEA F8S o] &ske] Roll, Pitchs AMeE $, 7A14FE Roll, Pitch

agla Ao A7) Y gk E¥ehe 35 AAVAIAE o835t YawE -6

3.1 Roll, Pitch &¢18&F

roll¥} pitchE T-8t7] feir= FAxridel 22olA &= o, T=H7/HEE &
#Fx AN FA FEAZ MBS DCMe watd A9 7k&w &9 g3 dos

7Fgol dasty, AB.19k o] A & 141

a, 0 —-gs,
a, |=C "0 8CyS,
az g gC¢CG

(3.1)



1

aw ay, s WM THEE Y ghom A AxA A MY gelal g= $H

2~ o)

H5EE e rol(@) pitch@©)& @329 ol & & gk,

- =

(3.2)



3.2 Yaw &g =

21(3.Doll A K= upef o] F

B
N
)
apx
o
0Q
=2
ott
oE
N
5|
)
=2
R
offt
i_t{l
»
=5
)
f
lo
B

YPL FoW yawd @ol AAS L F Ak BekA, &R o)9)e] tE AA
gasth QAo Aoz ANE AT AAEEE FEFE PUS ALE

SAul, B wRoA ALgsE AMY A9 ArtEom AT

>

AEEE AZA

mx ml

b
m, |=C,| m, (3.3)
mz m3

g #ZAEAL AT A7 HE xFE m, yES mg zH5S meyEStl A 237

=

o] A7) MM EE xF my, z5& m,Z gostd IR FHA L] AA]

o
fijo

mX7 y:'i'_l_
Aol & HAFANA A FERAZ W FHS wehd A(3.3)F o] 7Hg &

T At

vawgts T-et7] 1&g ALk el HelE fall, ¢ & yawel #g AH, roll, pitchol

w3 Pdz v 6.4 Z

c, 0 -5, ¢, S,
Ci=|s88 ¢ 856 ,Co=|-s, ¢, 0 (3.4)
CySy =S, CyCy 0 O

Ch=C,C, 01 BZ, 2(3.5)% Zo] & & 9t}

10



m m,

m, |=CC,| m, (3.5
mz m3
FHel G o o LS A(3.5)9 Fwel ek H(3.6)9 el F 5 Ut
m m
X 1
—1 .
G |m, |=C)| m,
mz m3
Co  SyS9 CpSy |[ M, ¢, s, 0)m
0 B | 0 (3.6)
¢ Se | My |=| -, ¢, m,
—Sg  S4Sp  C4Cp N, 0 0 1)(m
Colll, + 858N, + CySym, ¢, m +s,m,
Cyim, —S,m. =| =s,m +c,m,
=Sy, + 8,8, + ¢,y m,

CoM + S;SgM, +CySom, =C,,m, +S,M,, CyMm, —S,m, =

z

—s,m +c,m, o] B2 A4tk
Hold& el cym, +s,5,m, +c,5,m. =X, c;m, —s,m, =Y = A3 2@

KL

c,m+s,m, =X
! ! (3.7)
=S, m +c,m, =Y

2@ 7Ne Fdxow F3shH A (3.8)3 Zrt.

11



S (3.8)
m, —m)\S, Y )

cosy9t singE k7] sl A(3.9)9F o] Ett
(ml m, J(cwj_()(}
m, —m )\s, ) \Y (3.9)
¢\ (m m, (X 1 -m, —m, (X
Sy - m, —m, Y) -m! —m;\-m, m J\Y

21(3.10)% #Zo] FW yawdks 7+ 4

AN

S, —mX+mY
t3=—w_—m2 % = tan(y)

¢, —mX-mY

-m,X +mY

=tan"'
v (—le —mzY)

_ tan’l(_mz (com, +8,5,m, +c,s,m.)+m(c,m, —s,m.) (3.10)

_m1(69mx + S¢S9my + C¢S9mz) ! m2 (C¢my _S¢mz)

= tan’l(_mzcgm" TSy SgMMy, —MHCySgMM, + ICy M, — S,

—MCyM, — M, SySyM., — M CyS M, — MyCyM, + My S M.

roll, pitch %27] A4S 23S shd 2(3.10)2] ¥ 3

=]

flo

& kel HEE yaw

o gt & A drk

12



A 4 5FRY P2

4.1 AHRS |+

4.1.1 AHRS AZEYo] AF

Aol MAE ol gt FeldsAel AME T welt ARAAe] TFH R Al

Aol ool @3k, e R, EE AL A Acte] Aol met FAFEH 4

o
e
i)
ol
N,

Al ke 927 Z7FebAl ") mek Aol AlARto R AuA el yawzt
A= AT AAGEES SAHS = Q= AlAo]ojok 3}, A= oF 15deg/hr®
3 [t 97l AAe Eal5o0] 15deg/hre ¢F HW, ldeg/hra AA7F gojof A

HQl yawZel & W 5 otk ST, B R AgEHE Aol AMe B

&ot7lel yawits & = A vk g Al el zrlel] dfa] wIztE wiiol] 9]

o AYL W BAZL B4V A yawrhE ST 7k Gk
oAl Ao AAE 3] AsAE shbe] AAolR o EFE Al 28] ok

o

f
2
o
ot
o
L
=,

g} Apol=, 7hEE, A A7) AlAel oEdte] Mze] EAS Heddfo

a
S
o
offt
gg

e e F U & =EolMes Aolm AlM e E8 FE ARt e

A gkel eAtel F7hE AAEE AAe] gkl olF mAs ANAL yaw @ A7)

13



Agk A7 AAE RS 98 ZArt Y E ARGt

o] 3l A]~Hlo| &= measurement noise®} process noise(Rd o] FAI w7 =25}
o]y noises A7stH BT} AEgk A|~HC] d5S fsiAe 2 FEVF 28
sttt

Z_:]_—t!

-

ZH = FA2F5H(Least Square Method) & AF&38A AA7Fo 2 FS-(noise) S

¢
M

7HA= % A4 (equations of motion)S 7F Al7tol] w2 WHEk(time-dependent
state vector)S FA3sli= @824 A7 A (recursive computational solution)©]
t}.

Fig. 4.1& ¥ =%d  #H&d  Zv FdHe dugFs vehd

[7108][91[101[11]1[12][13][15]. x&= HAOSZ staxl &= o=z Al Fatee=
3

il

s

oL

kel gtolth. A= ol @A Zd Mrs

AME &7

rlr
||\

=

z

i

SR RFE Aag dEd Ao By, = AsHd] HRE 7 Y gow
29 AzdAE FARAL Qi dlEwol= A dHoly R FYwol = FR

A gdolt). K= ZWHAIlS onlslal P= 4 23t F84F wlE™ ~(the estimation

Lo

error corvariance matrix)S YERIH "= FEHESE = o] HAAHE Wit}
Zvk FEE Fig. 4.164 ®BE nkel ol A4 time Update(dSw-A) <}
Measurement Update(XFGHANZ o] Fo] Xt} time Updated| A& ©o]% HoHE &

AR d=o] o]Fo]X 1 Measurement Updated|A]E MEE SAHFOE nHo] o]F

Ll
T
o
kl
=
£
||\
fo
24
o
oo

o] At} xAE] A ®HH, Time Update -7l E xoll A
of BE wato] =53 A o5 @ x5 73 gEow oY BAS fal =Y
ARE 7o g Fafl Q(elS=ol= FEA FHE)E Y] TRALE0|Z2E 4536
A #Ht}h. Measurement Update( A GADHE T2 A 0|29 SH 0|25 o] &
sto] K(ZuAI)S FatA Ha, tdgozs =4 3k 22 ol &d] SA/NSS F7)st

14



of @A gEle] x2
Bk WEY g Ta

Time Update (*Predict™)

(1) Project the state ahead

(2) Project the error covariance ahead

Initial estimates for &y _ and P

Measurement Update (““Correct™)

(1) Compute the Kalman gain
_ p T AT -1
K, = P.HT(HP,HT + R)
(2) Update estimate with measurement z;
(3) Update the error covariance

P, = (I-K,H)P,

X = e+ Kz -

Fig. 4.1 Algorithm of Kalman filter

AHRSEHA| ol A =

3] A

ﬂ

dZatolrt. e Zoletn el

90’ % 3| Astd v A 250 HA:= @

32
Y

CEE R st

7 NEE

CE
- el

=

o] 1% order Low-Pass Filter® A3

HAA T

AR A0 A%, A AL

SR AAE T
Fol ubgal

, 7183l roll, pitch, yawe] &

o] &3l roll, pitch, yaw=

W =A7F

317] 918 #AElY<ek(quaternion)d ZH4EEE
gLz EAE sHsHn & o, 3 S

3
)}
98 gk T3]
Tk,

nom AlA gk 500Hz=Z WM&

F25aL g
HolElE ALgstel 54 %29l AREE P

489 o5 0B TS A

LaE 7HAA H

J-_O_
T

EASHA =4

15



H Z}uo

=

i)

g darglFolA REA == 324t d-)

ol
i

t} olg3 EAE Ay 9

o
rlr
oZ
1>
o
i
M
2

o A7) A wmol= ghe ZA shel AR AAY JEES

2 sjastg.

k1
lo
iy
Mo
o
o,
oo
:?L_',
=

o,
T.
S
=
<

o

=

ﬂl[ﬂl
-
ol
ol
X
it}
ul
ol
ol
X
=
2
o,
i
2
>,
lo
i
)
=2
rlr

=

Hpoloj s @af, A @4, HIAH @A}, Al

X
58

o]|= Fo] &A3lt}. roll, pitch, yaw

il
-4
=)
rr
ax
S
B=)
o
=2
>
o
v
ol
fo
_>|”1_'4
il
o
kel

stylo] AG&slk A9 roll, pitch, yaws

I 1
I 1
1 |
Initialize i '
: Corrected !
T Extended Kalman Filter : Attitude !
[} 1
Propagate ; :
—>| Error Covariance | ] 1
Matrix error correcilion A - Qutput _______ i
1' Update X-axis gyroscope
Measurement AHRS Y-axis gyroscope
Kalman Gain State Vector Z-axis gyroscope
Calulation
Update T
— Error Covariance -
Matrix ¥
X-axis magnetometer X-axis accelerometer
Y-axis magnetometer Y-axis accelerometer
Z-axis magnetometer Z-axis accelerometer

Fig. 4.2 AHRS’s algorithm

16



ki3

gl

1

=
3=

Z
A~
—=

2}
=

3}
sl

=

A7 E8e
=

-

fu

=
=

=

o Ay

-

fu

7tEE, 3

=
=

=

, 3

3kSlTh. DSP283359] 4]

|70 Aw, PCollA]

bl 74

©

KN

°|-8

=

=

Ehs

o] A

+

n

o
=

=z 9o

AHRS

i

0
yul

[€)

Q2

IMUAIA 9} DSP28335, PC
o]

HAl €.

=

=

4.1.2 AHRS 3}

2 =% AHRSOIAM = Fig. 4.37 #o] 3
B

5t
il
=<

©

DSP28335

IMU

T
=9

F

A
il

]

ZA|A 0

[e:

v

ZAA o)A T

i

R

1=

v

€]

=
T

a|

8

Beltk 150MHz9

32bit

o

F

Fig. 4.3 Structure of AHRS’s hardware
17

DPS283352] AF%Foltt. DSP28335¢] 7

o

R

Table 4.1



Table 4.1 DSP28335 Specifications

CPU 32bit 3 C28X Core + FPU

ALksH 150MHz
| Z.g] RAM : 68kByte / Flash : 512kByte

Q- Qg o]~ 16bit / 32bit €] W= Qg o]~ Hd 4MByte

E}o] 1 32bit CpuTimer 37 / 16bit H-& 671 / kA= 171
PWM 18414

CAP/QEP 671 / 270
ADC 12bit / 16314
GPIO 887H
Al SCL 37} / SPL 17} / eCAN 271 / McBSP 271

HERCS Flash, SPI, SCI, eCAN, Ul RAM, OTP, Parallel’s % 167}4]
Ak Core : 1.9V, 1/0 : 3.3V

L9 ~40% ~ 85%

Table 4.2% IMUAIA Al%kolt}, 3% Zh&wol A% 0.

9 °/sec?] A=

7h& e dolE o}

18
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Table 4.2 IMU sensor (ADIS16405) Specifications

3% 7TE5E
Output 3F Vs
3% A A7
IMU
3% Z}& % output noise 0.9 °/sec
Specification 3% Z}& % output noise 9mg
3% Z}£ % output noise 1.25 mgauss

19
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4.3 GPS-INS &+
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A A Ak Table 4.33F 2t}

Table 4.3 GPS Specifications

latitude
Output longitude
altitude
GPS
Static accuracy(latitude) <0.7m
Specification Static accuracy(longitude) < 0.7m
Static accuracy(altitude) <1.2m

GPS-INSollA] ¥ dugZS F8s7] 93 ZTAME AHRSOIA 9 7o

DSP28335¢} IMUE AF&-3F3laL, +A414 Q1 AL Table 4.1, Table 4.2¢|t}.
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4.4 GPS and sonar - INS &+
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Table 4.4 USBL Specifications
XZF 1A
Output Y= YA
7% 914
USBL
X% accuracy < 0.2m
Specification Y% accuracy <0.2m
7% accuracy < 0.2m
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5.1 Matlabg °©]-&3 A|EHo|A

5.1.1 AHRS ZA3}

Fig. 5.1 AHRSE Al&E#colAdS 371 9% simulink ZZI3o|t}. Fig. 5.2%
AHRS AlEd ol 203 F sensor JE Rdo|t},

AHRSS] A EFolAd Tzame Qgdo® x v, 259 10N} x%Fo2 0.69Nm, v
o2 0.66Nm, z=2% 0.36Nme A7]2 7IA = sinedd S 714 = 33 RWlEE 9
goz AMg3sla FyEE 0.02rad/selt). A REo M= ZHEE ZE e BAlo]
2.5E-4°]m, 3fo] 02l white noise® Hlslqlal 7M&%E EHd= #2ko] 8.0E1

white noiseg A A7] &9+ 1.56%] white noised Y3}l T},

32



(sBawalgiiy L]

2 o Iosuzs
_H_ i Buiuuny D.
i gBap  grpel g

q By
En | ; Dn H anuLlErElodAS Jusisung
.y U AV'S BYE 935K E
(NYITYH) SHHY Wi
hen — ysuoy ] BINIL M_;Mj_:_m

H (s=neElaym

=X gHHY 00w

elswa

i . d Y
x D‘\mﬁmn 5/pE: Hlzsrzwiaoy fct

{=nglsiy Shi

walusent Sy
. _H_ 1 Buruuny

5Bap  3/pei—n

F 3

TERNIRY

5]

LBAEN U1

204 A._ _3 _

a4 b . g
_H_ ) r 10U APTHRY

{ L
e (Esplerumyana |

ﬁﬂ_ {Baplug b

ESINY

Shd -
Buuuny

Hinuma i DZ3 =y

Fig. 5.1 AHRS’s simulation using Matlab simulink
33



{==neBlawm

(9lpi314 ansubepy

TRIUED

S5

FENY

=

Shd
Buiuuny

1SN SWH

JuBjSUTY

SNY
Buiuuny

10N

[RTLT=N0T )
fypoEp senbuy

=

(EpeilousD

MSTHUEND

|=deyssy TheE

ENETRCEL e PE

G+

KjEBUsD
3TI0N UBIENESD

1

UBIENED

oy

{uoiumEens) 4008

-
(_Z 4

=
S0

=

F Y

a5y

Snd
Bujuuny

ZIERUSS
Ss|0p) UEISSNED

uBIENEg

ety

ZRIPUENT

F

25

L 3EI0N

920 Hod

{peilizIng

O+—
[El
[El+

a By
pjap 5
fw) ¥y
{s/pes) @ =
: paxiz
[EL) 1 A
“naa
{peil hgd USIUREEND
fpog

) B¢

2

{gw) “p

LIDjERUSD
5|0} UBISENEG

B

25

SH
Buiuuny

F Y

UBIZENES)

ot

Jusweoyy

()

20104

Fig. 5.2 Simulation of AHRS’s sensor model using Matlab simulink

34



g Ak DHE o] 835t 4719 HAEYA Yast EEE OS5 AHYAS
A ks #elslr] Yell, Euler angle® W3lale] == 13t} Fig5.32 #AEY

AL Euler angle® W33k agZo|t}, Figh.4+= X, Y, 75 ZtE % Al Ed ol Ao

as

JX&‘

Fig. 5.32] A WA 22 34 2wt dHE AFEste] =43 roll, pitch, yaw2]
ol F WM 2P X= AA roll, pitch, yawe] X o|t}, Al HAA a2z = A
roll, pitch, yaw %3 &% 2wk g E AFE3ste] F43)F roll, pitch, yaw #S @2

adze] EASAY A WA AN 29 gt A4 @ A S 5 9

o &7 white noise’t EHE 3% A%, HEE, AR G ol gl & B
sl

% 4 adzelth, A WA TAZE A4 X Y, 7% A4%E g3 39 2w 262
AgEte] FAR X, Y, 7% 455 A% g FAel mASA A WA ezel A

o
2
%
hac
2
do
ol
i
(g
i)
o
ks
=l
L
N
)
o
do
Ol
ol
X
off

4% gt BA @ FAE

35



o

o
1N

1

B2 o

)
=

e

i3

N

Time(s)

200

150

100 -

o
o

( o) °18uy

200

0
150 |-

L
o
=}

( o) °18uy

100 -
&

150 -

200

2

bogk AA g

&
5
p

Ha o=

o)
=

ZLRk

5

Time(s)

Fig. 5.3 The result of AHRS’s simulation for roll, pitch, yaw

36



mn

T _.._ T T T T T T
- .. -y
- o
E e
- =
- n
I 1 -]
- -

1 _ 11 { I |
2 832888888 o8
¥ om B nom = 2 (I

('S/o) £3100[9A JeN3UY

ﬁ T T T T T T T = ﬁ T T T ___ T T T =
ﬂﬂ T _ ___
L i IR A o
oS
!
™ . 14
iy i i & ﬁ o
Els _
.
J
B 8 L _ e
Y _
4
,f___
N N
/Q\u - Ao (Qw _u un
Q )
E E
I B afs
1 L L _ 1 L _— L = L 1 1 L L | 1 _.ﬁ L o
('S/o) £3100[9A JeN3UyY ('S/o) £3100[9A JeN3UyY

bogk AA #

5
“

HZ o=

)
=

Time(s)

Fig. 5.4 The result of AHRS’s simulation for angular velocity

37



5.1.2 INS A3}

71 o)
=

a-

o]t}. sensor FE

g

simulink

@_

&t7] <]

[e)
A&

INSE A& o]

1
R

Fig. 5.5

(eBawelsiny

S
¢ Bujuuny E

SSINY

[oo sp]

Lindugpoy

WT||

gBap  speip

_m—‘w| _,
-+ B =X NI

D )
SHI
WoluEIEND Tmay
¥
& EAJ
&
0¥
"
Bawo
b A9 i
(BIngls Y SWH

{ugiumenblspy

EEhY

Sy
Bujuuny

Sy
Buiuuny

L fowspy

T3 =pmay)

H{zsewlooy

(s/PEilOuAD

2004

{peiling

JLETEH LuBjEua
uEEUS)
H3NuLErE0EAD i 9
g ANS BB IR0
Bl
+
i hEf SUIS
H3NIL
JuRLCH] .‘...|_|
H (=n=ti

ndupay

LSABN SUIS

Fig. 5.5 INS’s simulation using Matlab simulink

38



g A dHE o] g3te] 4709 AEUN diot A&, TSR, S A E 4
Z3ch AHUAY ZH&re] Avki= AHRSY FU8HA Ugton 7t&e, &5 943

Fig. 5.6 INSe| &% A3} ot} A WA 2 E = white noise’} E3HE 3

ZNEE ge 39

s}
)
ili<}
vl
il
O,
ofo
_o|L
&
o
o,
rot
Jpx
b
)
O,
Kl
-
3
)
I
i)
[
ol
i

A HE ezt A WA ere 54

o
Jpx

!
)
A
i,
é
apx
!
s
tlo
=
>
e
[
i)

soleh 3WA 1EZ) Az AA G FAF HE G4 ASTES T 5 ek

T ke W% A0 BEE o83

o =

-
ro
do
ﬁ
=
o
H

-
3
)
4

)
K

e

(0
2
do

¢

2 g zelnt Al HA a2z AT A gt dA A dhe 4

o
M
=2
I3
S

oh 3WA ez Ayt dAl gtk FARE AA ge dS5dEe o 5 ATk

39

(m/s®)



Acceleration (m/s?)

Acceleration (m/s?)

20

&0

&0

40

a0

&0

40

20

o0

a0

&l

40

2 G9E = G=9 3

EE:

7k PR =3 g+ A4z
Time(s)

Fig. 5.6 The result of INS’s simulation for acceleration

40



1

bk
#t

N

o = 3

._zr!‘ NEu |S,NE

T +

i N

4 1E_b| - 4 - o = \.Iﬁ—vl.._

w Ar

{zt ] ols TV ..,., Uy O

1%2 _ i / , 1:_.@

| : \ n

4 1 | L |oap

| B

| 1 Ut X |
_ \

1000
900
B00

L I L [l I 1 [ I i | L i i [ I [l i | i | i i i 1 | o

[=] b= f= f=] b= 2 o9
S o8 o a8 o o o
[T T R T |

(s/wr) £3100[9 A (S/u) A0[P A (s/ur) £3100[0 A\

=T T ] =] 2 o o
=T =1 =1 =T =T =1
Mmoo T L I

1000
900
800
1000
900
a0

0

0

i)

0

i)

0

41

Time(s)
Fig. 5.7 The result of INS’s simulation for velocity



Position (m) Position (m)

Position (m)

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

i
o r_‘]:L -
L

THZ d=3 g

= i i -—— — | | . i /.\E]Z{I %j:
ST T my e a2 g AA) g
Time(s)

Fig. 5.8 The result of INS’s simulation for position

42



5.1.3 GPS - INS 2%

2ot} sensor I

simulink >~

ki3

171 <]

J|

[e)
A

A& o]

=
=

+ GPS - INS

Fig. 5.9

ATt

wolumsenh

sod <
i "l
-+
bl Lindupoy
4
; A A'D
HOSNIE )
= " SHITSdD wio | |juspsuGg
E“ﬁ !
- s
i S BT
— lans smys amm0q
i Bl
e JLFEALON SHER, BUIS
i s uInIL
i {ssneBlowi ﬁ_
sfawo i
SHIT520 4 SHIT54D SHITzaD
LY
0% lzsgulaay
Jndupay
dAa[ (srelousn
=ai04
|samp suIg
— peila T ! fi
i \PEI SNy g
101 ISP * L]
(E=rizeniagy =03 it

(=In3lsny SWH

S

{Beplug

ESWH

Sy
Buuuny

(uglumiEnblsiny

Fig. 5.9 GPS - INS’s simulation using Matlab simulink

43



bl 47he] AELUS Az

J|

&

HE o

AHRS®} sYstA vgkon 7}

-7 -
=

boleh eVt Zawe) 2

J|

=
=

Fig. 5.10, Fig. 5.11%} Zt}.

1
R

S} gtk S5, 94 Az

& 4

]

[e)

INS¢} &

= white noise”}

A A =

o)},

GPS - INS9] &%= A3 1y

o
L

Fig. 5.10

Fol71

g 7k Abole]

=
T

olt}. 3WA 1ol Axw AA gkt

AlgE Z1ef s

+ white noise”}

A A aezolnt. 3 WAl e

GPS - INS¢] ¢

e
T

Fig. 5.11

A S

i3

o Astz 44 &3 4

ojty. 3WA ez

3

—

0

44



elocity (m/s)

§§WW I “\M\“f”\"\”?
]M | 'l | | ’ |/H \“ | H il | /\ il W'_

elocity (m/s)

elocity (m/s)

|||||||||




Position (m) Position (m)

Position (m)

=1000

2000

5000

5000

4000

Znk R d 53 3

1I0 2‘0 SIU ‘1-{) ‘]IC- SIG l"IU _ 'BIU i;.'J 1]
Zr DE 2 G539 g+ AA gk
Time(s)

Fig. 5.11 The result of GPS — INS’s simulation for position

46



5.2 4= A¥

5.2.1 AHRS A3}

Fig. 5.12% AA A" &3 27t g E 283 AHRS H2E Ayolt}, A=A 4
Ho A XZFLS 0.22°, YE& 0.24°, 7% 0.21°9 oxF HYE 7bHr}h XAkl AHRS
142l 49 X, Y, Z F9 a2 HH7F 0.5°2 19 A AY § B2 d9ds &

Al

puid

ATt

&

Fig. 5.132 90° o4 3|4 &S wje] AHRS A Ayto|t}, &3 Zwt AE oA
Qg Zto] obd FAHYYAS FA3 A gimbal lock dAro] WHAISHA] &8-S & 4
AT}

47



Angle (°)

Angle (°)

Angle (°)

Fig. 5.12 Experiment of stationary AHRS’s performance at XYZ axis

-

..
-
=3

B BT

I 1 1 1 1 1

1

Time(s)

48



Angle(®)

120

100

80

60

40

20

Time(s)

Fig. 5.13 The result of gimbal lock’s rotation test over 90°

49




5.2.2 INS A3}

w

~

XO
o

Fig. 5.14, Fig. 5.15, Fig. 5.16-& A= A<

5o w

9lt}. GPS, USBL, DVL

0.05F

1 1
- L
=1 S

T =]

(W) uomISO

D2

-0.25

Time(s)

Fig. 5.14 Experiment of stationary INS’s performance at X axis

50



Position (m)

_1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 B T i 9 10
Time(s)

Fig. 5.15 Experiment of stationary INS’s performance at Y axis

01k

03F

04

Position (m)

N5}

Time(s)

Fig. 5.16 Experiment of stationary INS’s performance at Z axis

51



5.2.3 GPS - INS 2%

Fig. 5.17& 34 Zw Zg & A 83 GPS-INS A% 238 Alzloz xZ=0 249 10m &
Aol 33Tt Fig. 5.182 x5 A3 Ayolr}. & =4 AHE&3 IMUS 45, £

[e]

H
o0
0Q
||\
ol
et
Ao
it
N
—.~
r\r
o~
>
fr
>
n
B=)
m}i
rlo
ji
HU
o
N
o,
rlr
o
ot
=2
>
rlr
52
rlo
||\
2

o
)
<
N
)
rlo
)
Ip

i
B
)
o

2l
2

Heh ge Agd UL} nele el & 4 U9

FE&HAHEE & 7 Ao

0.75m ZolE 0.45m A3}+E T3l 3 27 AHES HEHAS W, AN Be 08

1
Departure | 10m 1 Arrival :

Fig. 5.17 Environment GPS-INS’s Experiment

52



Position (m)

i P el | J
= O] T e
xX= T‘l Il -
By ,..L""Fr.r
.-I'I =
:,_-I
ik e 4
[
==
It
Ik .-7.-‘ -
=
==t
Ll 4
_ 28.83
4 s W m ® = %
Time(s)

Fig. 5.18 Experiment of GPS-INS’s performance at X axis

Position (m)

eTE-1 3%

W
o

=
=

=
m

=
(5]

24 i . . g .
o0

Time(s)

Fig. 5.19 Experiment of GPS-INS’s performance at Z axis

53



5.2.4 GPS and sonar - INS 2%
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