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Implementation of Azimuth Calculation Algorithm
and Embedded Device through Celestial Navigation

Lim, Jin Kook

Department of Electronic Communication and Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The celestial navigation uses the sun and stars to determine the
position of the vessel and to know the bearing for the voyage. After
observing the sun and stars in the sky, the navigators of the ship
found their position through a complicated calculation process and
sailed to the destination. The celestial navigation was a major task

to the navigators and was considered the most important in the voyage.

The compass is used to find the bearing of the vessel and there are
the Magnetic compass and Gyro Compass. THD is an electronic device
that provides the ship's true heading and is installed on ships of
300GT(Gross Tonnage) and upwards less than 500GT/passenger craft
certified to carry 100 passenger or less, which do not carry a Gyro
Compass in accordance with IMO regulations. Most ships satisfy the THD
of the IMO regulations as Standard Magnetic Compass. The static error

limit of THD is set within £ 1.0 °
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The navigational triangle consists of three points that are the
pole, the =zenith, and the celestial body, three sides that are
Colatitude, Polar -distance and Coaltitude and three angles are the
Meridian angle, Azimuth angle, and Parallactic angle. In order to
calculate the ship's position using the navigational triangle, it 1is

necessary to know the exact time and position of the sun.

Most of the sun's geographical position calculation is using the
Nautical Almanac. Also, the planetary theories VSOP 82 and VSOP 87 can
be used for obtaining more precise celestial coordinates. By deriving
the cycles of the celestial bodies with mathematical calculation, it
1s possible to obtain the celestial coordinates and rectangular
coordinates exactly, and the accuracy of bearing calculation can be
further improved. Observation time, the position of the vessel, and
celestial body, that i1s the geographic position of the sun, are
required to calculate bearing using an observation. Also, time errors
should be minimized to increase the accuracy of the observations. If
you know the position of the ship and the geographic position of the
sun, 1t 1s possible to find the bearing using the algorithm about

calculating the bearing of the navigational triangle.

In this paper, we propose the One Body Fix position calculation
algorithm that shortens the time for calculating the position using
the navigational triangle and simplifies the calculation process. This
algorithm derives its position using the sun the Azimuth angle(z),
Declination(Dec), and observed altitude. Based on the derived
location, we can correct the error by calculating the heading of the
ship and true north using Azimuths of the sun and Sight Reduction

Tables.
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Collection @ kmou



We used the computer and IT technology to computerize the bearing
calculation method used in astronomical navigation and the calculation
processes that people performed directly. The implemented embedded
device has the convenience and accuracy to be used in real ship, and
1t implemented SW and HW in embedded form. By automating an
observation and calculation processes, the operator can reduce the

time of bearing calculation.

Experiments have been performed several times to test the accuracy
and the result showed an error within 0.2° . These results were within
the margin of error about devices by IMO regulations, THD and compass,
etc. The implemented embedded device 1is expected to be very useful for

the ship as the convenience and high accuracy.

KEY WORDS: Azimuth Calculation Algorithm, Almanac, Celestial Navigation,

Compass, Navigational Triangle, Embedded Device
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+10°, FAEe] Az s £15° ulgrolojok Bk 3,

2= AAAH A £1.0° o AZ=E JlAHoF & & = I}

ATHRE, AT A=HTE @ FHALE Tt FHT, AHF L HAA9 3
A = Ao FHAAES A EA ¥ (Astronomical triangle)©]
g} ok A3 FHT, #S5AY A F A 3HOE o] FofA &= AT
A A

Fo] FHAZES 2] EAHZHE (Terrestrial triangle)o] 2t g 13].

Fig. 114 ®E AAR, A7) MAS 7as) Agard A7 wAn 27
s o] T azEe B9% Aol Hul, oS AP ) FHOR o
gate A4S o5 ARE BazRol W,

e Azta o] 3HE o9 =(Colatitude), =7z (Polar distance) EL Ji %
(Coaltitude)g} slar 3742 &A1 Z}H(Meridian angle), 9 ZHAzimuth angle) 2
91X Z+(Parallactic angle)o)g} gt}

galste] oel BAL fEaitd o] FANAEL WP Fad Ro=,

& ok BAIG,
@ AAF HEsten G o

g

AL BEAY T, WAl LE D PAL ol gt Aol oM
& Faje wAlolL,
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Fig. 2 Navigational Triangle (North)

of | =(Colat)= &= 7HE9IA Atele] Ao 4o Zojt. B 7t
AR AEF 90° A A3 e 2

Colat. = 90° — Lat.
sl

SAZP)E FHFH A9 Abole] A Aol solth. #FAY] %
217} =™ (Same name)¢l A9l ZAFE 90° A HYE 73 w9l 7

H@ Zwe) 2ok

o

o] (Contrary name)ql 735
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p=90" £ Dec.

A1 %(Coal)= A ek 7B AA Arele] tiA(FZH) e Folth 90° o A
AA Y 12E 73 =9} 2o A A(Zenith Distance)® A =t}

Coalt. =90° — h

2.2.2 SN 3 (w=mam)e 34

2k 2 A ZHMeridian angle; )& #Z2HAP)2] AteA o 2RE X2 227t
A AR FHFNAY ol A el mek Hr|RI Eleash) E=
Wwest) & &1t

A A ZHLHA) S #Z2te] Ao o a8 KE]l HA ol AA7A 4 AZo Zhk
360° 742 SAste RHE A7 A E e WAoo s 451
H

)
0° oA 180° 7kA] S5ty SR wet HujHa s Zo]FofoF gt

LHA < 180° Q1 Z-% t(W) = LHA
LHA > 180° <1 A% t(E) = 360° - LHA

W9 ZHAzimuth angle; 7)& #Z2HAP)e] Ao 2 RE] B#HZXH(AP)9}F X
(GP)E dHdste AGFAHMCE FAHT AZAHAP)ANA Y Zolt. =
o] J& W wegt HFHEZ Nmorth) == S(south)= 04 a, #=EA
7o 2 A 9o Wi gt T Ee AZCE ZAHSH Wk wEEs H
H3 E(east) == WwesHE BAFTh AAg9+= xo%:‘r(Nort pom) 7|EL
2 AARFo R HA L AR o Zto 2 360° 7HA SAH sk Wil 3
A, AE Ee AHo =5 E 7"“1]91 FHAATA TEE) B AEZEW)LZ
0° oA 180° 7} =A 3 zto|t}. A 3L 9n9l Euo] Hu, HuRs=
A7+ Fro] "t

Fig. 3& Y=o

| oz =@ A5 Fagdelnt ojwl BESAAPT W
Fol omE Yo F

W] ek agelA AA ASNGPE BEAe
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A& fAsta ez ZAe kD] HrlREs Wolth o2’k A% 3
oM W) HFHE7t Sola, HrlFaes Wrb "ok whef ez =4
717F 110° o]¥" S 110° We} &&=t}

T

>
L)

B ZHZ2)S AN EZnE YeRH WA Fig. 49 W9 =3
2k 4ok H9ZH2) S 110° WE = Fate)

Zn=110° +180° =290° (7)

FAG D AL EZn)e FEAAE a3 2o

Lat. N, t. E )1 A% N Z E, /Zn = 7
Lat. N, t. W I BN Z W, Zn = 360° - Z
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Lat. S, t. E 91 % S Z E, /n = 180° - Z
Lat. S, t. W ¢l H<$ S Z W, 7Zn = 180° + Z
Pn (000°T)
A
1
{
GP
-~ .
-
Ap\
Zn
. o e
Z=5110"W
Y
Ps (180°T)

Fig. 4 Azimuth Angle

YA Z(X; Parallactic angle)2 HA|e] Ald3 F2A Alo]o] HA oA o] F
Zrolm, g3l & o2 AMEHZA e Zol7] Wi AWS A3

2.2.3 AN

AR} AFEAS A48 Mol AFxEHY s AL AYGP)E st
A nt2 o7t #HEA A0 AXHE HA vpE ofgrt Aotk A9
A9l HA L Axzmel o5 ZAAHTE A9 A= AN HFe} 2o
U Ao AxE BxAAE VFEste T EE AZo® 180° 714 A e}
£ Aol whete] HzAzte Bxaeds 7&Este 4 AZoZn 360° 744
ZA 13l
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F2EE A F AR WE FEhr] fld HHAdds T AR

[€)
IE A Fasit. &, 23k

371 W | é“ﬂoﬂfﬂ pl:(x1, yD, p2:(x2, y2)2|
3ol o3 plolA p2g HlgtniE 248 7 4 k. Fig 5@sh o], ol
&S 7|F0 % pldt p2o] A4=E T3k AL 013%"* Zt}do] ot

N Pn

VA
/!
P, P,
P, P2
(a) HHZF (b FH-E3E

Fig. 5 Coordinate System

a3y Fig. 5ol Hxol, AdutellA B9l E Fole W2 47 fEds
SAtelA o] W 2g. AEFNE o8& u, At A= AAZTH
ATE & o8 A HHoer & F AR, S pl(RAde] HADE A
sttate, EAlE sted W e HAE oA9A AT BHAEY p2HDE T
Agtd = A=AE Lotok I AF= FEY= FHo= JHT &
o A7 AZIE F kA AA 23] sidS dsl, & HJAE o] &3sko p2
M-S Gotlle WHF F2= FHo] ofd AFFolA ALE Al ¢
& siAe e Fod 2av) Ao

HAAE AT p2 Aoz FASe= 2AAS fal A9 7ido]l Heast
ot Fig. 6olA BE A3 o] A9+ A 9l(Declination; Dec)et 273 (Right
Ascension; RA)S. &2 T3t

i
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AT o= AR AEs HERREH 55 Ee dEo=2 SAHI 4=
7} (North) =+ S(South)2] #w| %
TE BUT HAE Ave HY Ao FolA M| AE2RE HA7A 9
TE 12 AA HSDeot st Ao f=ol tissts Aot A=A
0° oA FEo=z 7zt 90° 7+ A, FAH W] =k NNorth) =&
SSouth)®] Hr|H-5& Btk A7t 22 He d43% 4945 A9l AsH

(Paralles of Declination)e]g} stH141.

>
)
N
({e]
<
X
A
AN
ol
i)
=2
|\
o
%
=2
R=)
i)
Z

!

TR AHoEREH HA S AA7EA Oholl A 24h = 0° oA 360° 74
Zog =A% A=A F9o do] e FolAe Z+& HAolg gt &4
A ZHSidereal Hour Angle; SHA)S = ©o|E AMZo = =
E Ee A BYE FFoE S ALE A4S dA= ted 2h

of

SHA + RA = 360°
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HAAE e Aot 7|ssta
ol 4} = SHA(Sidereal Hour Angle; &4
Lo = v, Bl e E XA ZHGreenwich hour angle; GHA)

2 =EoAe P1s #3329 A, a28a P2E HA9 A= Bttt ot
A 2] FHE P1 A7 HE P2E 5U3 Yoz s oF &
dart Ut ATAY HuEE FAE o, PIx1, yDo H#=E= (Longitude,
Latitude)e] a2 P2(x2, y2)o] # %+ (GHA, Dec)o] =2 P29] A9 HEE A
T} FHEE WEtstofok gt

x1

Longitude

yl = Latitude
if (GHA < 180) x2 = -GHA

else x2 = 360 - GHA

y2 = Dec

oo A& AVEY Pl 959 AE AES AHE HEZE ALE 7Hsst
o, P29 9= A& Dec HAe< IHE tidste] AH8std Hnh o, P29
AT JELS oo AW ulel o], GHAZF 180° Rt} e wje AR
M7l F7HEH Ttk 28y A4S WREE AAES OFSEA ALY
T A7) wEel P29] Ax AFE-2 GHA gtoll #3571 wiojolth. GHAZF 180°
S 9A H™ 360° oA xR ghol 4o @2 FA|HojoF It AT
WO, ALe AT AE RS B OFE, EfdA (OF37 o

FAG PO T ool Pl P29 HEEZ PN EHT w,

if (A=W) x1=-2A

~~~
P
I
@9
N
>
—
1

360 - A

o714 A& 7 E(Longitude).
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yl = Latitude

x2 = GHA

y2 = Dec

sh gol P % Utk

S ZHITh A5 AR A FA ARAE JE wEel GHAE BA e
T8 glo] 0° oA 360° o) @e 7HATh

2.2.4 N5 A)

Fig. 7 Aot A149 7ds 4 vebd Zo|til13]. 13 o] A4
o o= V|EAH o ERY HA S ANAZAA MESE 0° oA 360° 7tA S8
AEgo] 59 do] e Fo|AY 2 AlZH(Hour Angle; HA)ol2}t &t

O Ex=AZ o BxAeAHowRE A AlA7AY A4S B
(Greenwich Hour Angle; GHA)ol2} gt} X F9] AEs BExA24E 7
T EE AFZSE (0° oA 180° 7HA SAstal S Wkl wek He|RES E

WE EolAl dAu, 2xA42 & AEo=rt 360° 7HA SAHsHA = o

Ex
JaL HrH-E7 o
@ APAZE . BEAe] Ao Ao BRE A AAAAL Azt A

" A)ZHLocal Hour Angle; LHA)o] g} gtt},
B 2A 3 AGAZE Abololl = o33t 22 #A 7 U

LHA = GHA + )

Collection @ kmou



(&, AE))H “+” , A(W)olH «“-7)

Fig. 7 Declination and Hour Angle

Q@ FAANZ - 2EAMS AdozRE HA o Ald7A S A4S FAAA

(Sidereal Hour Angle; SHA)o] &} i},

g0 B2AIZHGHA )& B2 oA HA S A@7A S Alzte] 1
]

nxe] AARA ] Azke.
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Fig. 7oA EZ2xAdo=RE Ao AA7HA 9] Alzbe ZL8jyA Az &=
= BZ2AZHGHAo 2t ek #ZAe] He| Ao wRE A AZ7HA] 9
N Zr& A "FAl ZHLocal Hour Angle; LHA)o] 2t gHcH13].

)

B2 BdAS S0l He dAolH, A <t A= Ee HAY A
= &% 29 of 1,000Mu He= AARA BSA e HAEel E3
st Fa len, Faezed AHANE & = AAEYG 1 F§

O

Bore] =8 A4 Table 13} 2t

Table 1 Sun’'s Parameter

Mean Distance 1.4967 = 100,000,000 km

Mean Apparent

. 15'59" .63 £ 0" .05
semi-diameter

Mean Equater

Horizontal Differential §48°

Equatorial Radius 695,553 km

Mass 1.99 = 100,000,000,000,000,000,000 kg
Greatest Brilliancy -26.7

d

ATk B Aole Agle ATFAIESY ol4dE Wi #dflel W3ty 9o
U O 3o AYES Zolo 92 A AL HEE(Astronomical Unit; AU)Z}
a3t F2 YA Y A F4 G2 ARSska dvH14l

AT B Alole] A wWEgE <l el ZHRr] Hbx E(Apparent
semi-diameten = Wl 1€ 1940 714 AAA 16'18", 79 24 Ao 7%

-
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Aol A 15 ' 45" = HTh B A BA oUAE, AEGY Aol glolA
Ao ¢ WA o] FZol1 E )7t EAEIA FErE JHA S

w5
HAAZE T e dUASe R BHEH ol E YA E S
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31 ATF4He HFR=E

BARY AZAA BFe] A9NE Tohs WPL AZHL o] &= RolY
. &Y 1A G2 GHASF Decrt 71550 o A= Hst= Al
[e]

o =
kol A AE D7) 3 AZHN N AP /«VM o 5 Azhe] A9ES
247} gro} @ AZbel tig BA ALS B3 A2
olm] MwstdEol Autel 91xol T Be
ele] AW Aol ek whebd A

Y
5|
N
o
ot
m?{_:
-
Jhu
s
4

dEld HFel A9 HolHE o]&st] st /\17—}9] AT BeFe] A9 #
< Adtste AL 328 oAfA &2 Aol o3 HFHo] ofgA AtH
of FAH A=AE oldsta olE S&ITUY vE AT oo el
Ewol 2 Zont. & dTolAes A W AAde AHE Alrtst= VSOP87
of Ak Ag] A WA AHE olF, A M= dstaa o

3.11 PA < A

1982, Bureau de Longitudes of Parise] P.Bretagnon2 384 o]& VSOP82E&
E78tHth VSOP+=  “Variations Séculaires des Orbites Planétaires” 2] Fojo]
ot VSOP82+&= A FH slLAd7bA9 F8 o] Zhzte] A7|Zl F71=
dEo]l ok Aol Fold uf, o] FrY T2 FoIX AHE VLR HIL
Ho, FHAEY ts #s =T F Utk AHAETE “dAFHJA” PP
A=E oneH16].

a= A= WS
A=

L= el B
h=esin n
k=ecos n

p=sin ¥ isin Q
q=sin %2 1 cos Q

o] el AR OAUE, 7t TUHe AR, it 7197 2T 0 AEm
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o

el A=olth. a, A, e ¥ 7 (he} K9], 9t QO qehE & A5, T2
Aol FRFAA AA fAVF =& 2 5 Aok

VSOP82E Ah-&dt=t] EHT M2 A=yt FREA S A AdS &
of o] B EFol TAITE Aot S| = 1987 Bretagnon
Francous= VSOP87¢]2} HAE T ole FH HY A

Hxs APA o7 AL &8s Ao 459 7|58 AT

k]
rlr i
Ac)
rlr
it > rr

L, B A=
B, B} 9=
R, "7 9WE () F7tA 2] A

VSOP82¢} VSOP879] 55 98l AR&HE= WRol HES HuAodA 7&
= AeH16] [17].

=51 o de F449 &3 F7]= VSOP8T o]0 27 E A& & U3
ol= Z+ Aol Lo, L1, L2, ..., BO, B, ..., RO, R1, ...o]g}al HHEHATH

Lo, L1, .. Algjze A Yt T4 Bl 4% Le 737] s Zastm,
Alglz B0, Bl 3= A% BE #3547 g8l a8la Algl= RO, R1& ®¥74 R
2 8] A48 Bag skolth

e

w2ao] 7} SyAe Bde] FAE UehiE 4h9 £AE 3w,

- APz Aol F719 dA A ol AA At s daskA o

JDEE FojZ AlHol] g3t &892 HAELZ T2 A J2000.02 7]
FO2 3= &8 1000 @99 A ¢ & FIME

d

 JDE—2451545.0
365250

D

T
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Acos(B+ Or) )
dE 5o A A& L0 WA 7= v 2o
1803 cos(4.103.3 +5661.332.07) 3

519 EFA AF A A=, A%5E 10° gk 998 A-EshaL, i

& 10° AU %H% A&t Bek C s/l ©helE ARSST

T FH B-e 7Hks & T3 AHY B4 HE T4 B $= L
< F37] flAE oo dakg oldste] ok gtk WA Al = L0Y F7]9
L09] &, Alglz L19] 719 L19 & 5& T3 olF gt 49 E A=
s 029 A4S 53 FIrh

L= (I0+ Llm+ 127 + L37 + A7 + I57) /10° 4)

B 4 = Bek w4 Re| Ffol= FAsHA Aldstd dh

Ao B =4 3= Ly Y= BE Bretagnone VSOP 34 o] &) 2|3
Aold dde HH T4 FE EH¥ol 7|HEE Frh

L' =L—1°.397T—0°.000317" (5)
ojmj L3} Bol /W82 tha3 Zoh

AL = —0".09033 + 07.03916 (cos L + sin L' )tan B (6)
AB= +0".03916 (cos ' —sin L)

o] ML wl$ A& Ae 8 Adnt Aot

AL A7yt o AIAEE g3 AL VSOPS7T £FA4 ¢ F7)= H|mA
A FEET 59 A9Ad HAEL Bretagnond} Francouel o 19k
Z o] tH171.

no] E&F7|(retained term)e] Folil A7k H4A E&F7]9 FEWAA H

YR Agze] FHEE o gyptA ol o] m pi 2 vyke Foln.
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& 5o T4 HY T4 F=E &AL o] PA o Alg= L0= 38
g MY Ha E2E5F719 ASE 100410 Pradianolth. wehA AE A
=2 G A F= Ao Ao 7t 27E ded

2% 1/38 ¥100* 10~ ®radian = 2"'.54 @)

B2, AY& L], L2 52 AZE AeEoln 07 417, 07 .08¢°% 5o A=

27bHQ BEAAL obr|FTHIS).

DE §8$2 d2 F3, Ad) J2000.0%E 36525 HA L] &892 A
2 A4 A7 T L3 o] & 4 gt}

JD — 2451545.0

r= 36525 ®

ol TEI AR &g AYE ALYt Altstolor 3t TE A7l @9
000019 277F 0.37¥€ 9] 7= YEdTh

Ht
]
N
ol
)
;{

N
o
(=)

o PFEH /N E Aol /st @ 3P et ook

L, = 280" .46646 + 36000 *.769837+ 0 ° .0003032 7" 9
Borel B 2HolZe thest gk

M= 357°.52911 + 35999 * .05029 7— 0 * .0001537 7* (10
AT A= ol 4Ee et gt

e = 0.016708634 — 0.000042037 7— 0.000000126 7* (1D
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B el T4 Co #AE T8k,
C= + (1°.914602 — 0°.0048177— 0 ° .000014 7?%) sin M (12)
+ (0°.019993 — 0 °.000101 7) sin 2/
+ 0 °.000289 sin 3M/
B ko] A4 #4223 2o
O=L+C 13)
B eFo] AA ZHolze v 2o
v=M+C (14)
Befe] v, & Y S AT FA e A= AU 492 UE
= o 53 2o

~1.000001018(1 —¢?)

R 1+ecosv (15)
o] B RRe Azl mE AH3 WEF F Y= @olth oE o

1800 0.999 7190
1900} 0.999 7204
2000 0.999 7218
2100 0.999 7232

o=
7IRbe & AAl 71steb & olth o] &2 TSt WA A At §

of AH&HETHITL

T AAl £ e £ S 84 1o 272 A 0O ZE 2
AHE aste] A E oF dn w2 ARV 272 A, v 2ol
AVE T "R
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2=125°.04 —1934°.136 T (16)

A= ©—07.00569 — 0" .00478sin 2

FZolth 1900 F-E] 2100%He] Ef o] A9 e oS Tl
23 Aste g2 A4vssio

@2000 - @ - O ° 01397 (yeaT - 2000) (17)

Fo B4 23 YA 3 "o &3] 0] otk BU| Fx
5 < A= 8 7HA ¢
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Table 2 Reference to the Earth J2000.0

A+ J2000.0 (&7 713+ 3HA)

No. A B C

1 8 722 1072 5 6 283.075 8

2 991 3141 6 0

3 295 0.437 12 566.152

4 27 0.05 3.52

5 16 5.19 26.30

6 16 3.69 155.42

7 9 0.30 18 849.23

8 9 2.06 77 71377

9 7 0.83 775.52
Lo 10 5 4.66 1 577.34

1 1 1.03 711

12 1 3.44 5 57314

13 3 5.14 796.30

14 3 6.05 5 507.55

15 3 119 24273

16 3 6.12 529.69

17 3 0.30 398.15

18 3 2.28 553.57

19 2 438 5 22369

20 2 375 0.98

1 289 5.842 6 283.076

2 21 6.05 12 566.15

3 3 5.20 155.42
L3 4 3 314 0

5 1 172 3.52

6 1 5.97 24273

7 1 5.54 18 849.23
) 1 8 414 6 283.08

2 1 3,98 12 566.15

1 227 778 3.413 766 6 283.075 850

2 3 806 3370 6 12 566.151 7

3 3 620 0 0
Bl 4 72 3.33 18 849.23

5 8 3.89 5 507.55

6 8 1.79 5 22369

7 6 5.20 2 352.87

1 9 721 5151 9 6 283.075 85
B2 2 233 3141 6 0

3 134 0.644 12 566.152

4 7 1.07 18 849.23

1 276 0.595 6 283.076
B3 2 17 314 0

3 4 0.12 12 566.15

1 6 2.27 6 283.08
B4 2 1 0 0
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2017. 7/15 - 7/17 (SAT, SUN, MON)

uT SUN MOON Lot | ot | Sunrise | g 1870 18
GHA  Dec GHA v Dec d HP Sl hmfhmih m| hm| hmf hm|hm
N 72 | ooo 000 ooo |23 01 |22 53 |22 44 | 22 32

d h o o o 4 / o ' '

1500 | 178 30.9 N21 313 | 291 45.7 123 S02 456 109 57.2 | N 70 | ooo 000 ooo |23 03 | 23 01 | 22 59 | 22 59
01 | 193 30.8 N21 30.9 | 306 16.9 12.3 S02 34.8 109 57.2 68 | ooo 000 000 |23 04 | 23 07 | 23 12 | 23 19
02 | 208 30.8 N21 30.5 | 320 482 122 S02 239 109 57.2 66 | /// /// | 01 40 | 23 05 | 23 13 | 23 22 | 23 35
03 | 223 30.7 N21 30.2 | 335 19.4 122 S02 13.0 109 57.3 64 | /// /// | 02 19 | 23 07 | 23 18 | 23 31 | 23 48
04 | 238 30.7 N21 20.8 | 349 50.7 122 S02 20 110 57.3 62 | /// | 0058 |02 45|23 08 | 23 22 | 23 38 | 23 59
05 | 253 30.6 N21 20.4 4219 122 SOl 511 11.0 57.3 60 | /// | 0149 | 03 06 |23 08| 2325 | 23 45 | 24 09

S 06 | 268 305 N21 290 | 18 53.0 122 SO1 40.1 11.0 57.4 | N 58 | /// | 02 10 | 03 22 | 23 090 | 23 28 | 23 50 | 24 17
07 | 283 305 N21 28.6 | 33 242 121 SOl 29.1 11.0 57.4 56 | 00 53 | 02 41 | 03 37 | 23 10 | 23 31 | 23 55 | 24 24

A 05 | 208 304 N21 282 | 47 553 121 SOl 181 110 57.4 54 | 01 40 | 02 59 | 03 49 | 23 10 | 23 34 | 24 00 | 00 0O

T 09 | 313 30.3 N21 27.8 | 62 264 121 SOL 7.1 11.0 57.4 52 | 02 08 | 03 14 | 03 59 | 23 11 | 23 36 | 24 04 | 00 04

U 10 | 328 30.3 N21 274 | 76 575 121 S00 56.1 11 57.5 50 | 02 28 | 03 27 | 04 09 | 23 11 | 23 38 | 24 08 | 00 08

R M| #3302 N21 270 | 91286 120 SO0 450 1L1 575 45 | 03 06 | 03 53 | 04 29 | 23 13 | 23 43 | 24 16 | 00 16

D 12| 358 302 N21 266 | 105 59.6 12.0 S00 339 11.1 57.5 | N 40 | 03 33 | 04 13 | 04 45 | 23 13 | 23 47 | 24 23 | 00 23
13 | 13 30.1 N21 26.2 | 120 30.6 12.0 SO0 22.9 11.1 575 35 | 03 54 | 04 29 | 04 58 | 23 14 | 23 50 | 24 29 | 00 29

A 14| 28300 N2t 258 | 135 1.6 11.9 S00 11.8 111 57.6 30 | 04 10 | 04 43 | 05 10 | 23 15 | 23 54 | 24 35 | 00 35

Y 15 | 43 300 N21 254 | 149 325 119 S00 0.7 111 576 20 | 04 37 | 05 05 | 05 30 | 23 16 | 23 59 | 24 44 | 00 44
16 | 58 29.9 N21 25.0 | 164 35 11.9 NOO 104 111 576 10 | 04 57 | 05 24 | 05 47 | 23 17 | 24 04 | 00 04 | 00 52
17 | 73 209 N21 246 | 178 343 119 NOO 21.6 11.1 57.7 0| 0514 | 0540 | 06 02 |23 19 [ 24 08 | 00 08 | 01 00
18 | 88208 N21 241 | 193 52 11.8 NOO 32.7 11.1 577 | S 10 | 05 30 | 05 56 | 06 18 | 23 20 | 24 13 | 00 13 | 01 08
19 | 103 20.7 N21 237 | 207 36.0 11.8 NOO 43.8 11.1 57.7 20 [ 0544 | 06 11 | 06 35 | 23 21 | 24 17 | 00 17 | 01 16
20 | 118 29.7 N21 233 | 222 6.8 11.8 NOO 550 112 57.7 30 | 05 59 | 06 28 | 06 54 | 23 22 | 24 23 | 00 23 | 01 26
21 | 133 29.6 N21 22.9 | 236 37.6 117 Nol 6.1 112 578 35 | 06 06 | 06 37 | 07 05 | 23 23 | 24 26 | 00 26 | 01 31
22 | 148 29.6 N21 225 | 251 83 117 NOL 17.3 112 5738 40 | 06 14 | 06 48 | 07 18 | 23 24 | 24 30 | 00 30 | 01 37
23 | 163 295 N21 22.1 | 265 39.0 11.7 NOL 284 112 5738 45 | 06 23 | 07 00 | 07 32 | 23 25 | 24 34 | 00 34 | 01 45

1600 | 178 20.4 N21 21.7 | 280 9:6 11.6 NO1 39.6 112 57.0 | S50 | 06 33 | 07 14 | 07 51 | 23 27 | 24 39 | 00 39 | 01 54
01 | 193 29.4 N21 21.3 | 204 403 11.6 NO1 50.8 11.2 57.9 52 |06 38 | 07 20 | 07 59 | 23 27 | 24 42 | 00 42 | 01 58
02 | 208 29.3 N21 209 | 309 10.8 115 N02 1.9 11.2 57.9 54 | 0642 [ 0727 | 08 09 | 23 28 | 24 44 | 00 44 | 02 03
03 | 223 29.3 N21 20.5 | 323 41.4 11,5 NO2 131 112 57.9 56 | 06 47 | 07 35 | 08 20 | 23 29 | 24 47 | 00 47 | 02 08
04 | 238 29.2 N21 20.1 | 338 11.9 115 N02 243 112 58.0 58 | 06 53 | 07 44 | 08 32 | 23 29 | 24 50 | 00 50 | 02 13
05 | 253 29.2 N21 19.7 | 352 42.4 114 NO2 354 112 58.0 60 | 06 59 | 07 53 | 08 46 | 23 30 | 24 54 | 00 54 | 02 20
06 | 268 29.1 N21 19.2 7 12.8 114 NO2 46.6 112 58.0 AP

g 07 | 283200 N21 188 | 21 432 113 NO2 578 112 581 | a0 | Sunset Twilight Moonset
08 | 208 29.0 N21 184 | 36 135 113 N03 89 11.1 581 Civil Naut. 15 16 i 18

U 09 | 313 289 N21 180 | 50 43.8 11.3 NO3 20.1 11.1 58.1

N 10 | 328 289 N21 17.6 65 14.1 112 NO3 31.2 11.1 581 N h m h m h m h m h m h m h m

p 11| 343288 N2t 172 | 79 443 112 NO3 423 111 582 | N.72 | ooo 000 000 10 42 | 12 32 | 14 27 | 16 30

A 12| 358288 N21 168 | 94 144 111 NO3 534 11.1 582 | N 70 | ooo 000 000 10 43 | 12 26 | 14 13 | 16 05
13 | 13 28.7 N21 163 | 108 445 111 NO4 4.6 111 582 68 | o000 000 000 10 44 | 12 22 | 14 02 | 15 47

Y 14 | 28286 N21 159 | 123 146 11.0 No4 157 111 583 66 | 22 28 | /// 1/ 10 45 | 12 18 | 13 53 | 15 32
15 | 43 286 N21 155 | 137 44.6 110 NO4 26.8 111 583 64 | 21 51 | /// /1] 10 46 | 12 15 | 13 46 | 15 19
16 | 58 28.5 N21 151 | 152 146 10.9 NO4 37.8 11.1 583 62 | 21 25 | 23 08 11/ 10 47 | 12 12 | 13 40 | 15 09
17 | 73 285 N21 147 | 166 445 10.9 NO4 48.9 111 583 60 | 21 05 | 22 21 /1] 10 47 | 12 09 | 13 34 | 15 00
18 | 88 284 N21 142 | 181 144 108 NO5 0.0 11.0 584 | N 58 | 20 49 | 21 52 /1/ 10 48 | 12 07 | 13 29 | 14 53
19 | 103 284 N21 138 | 195 442 10.8 NO5 11.0 11.0 584 56 | 20 35 | 21 30 | 23 14 | 10 48 | 12 05 | 13 25 | 14 46
20 | 118 283 N21 13.4 | 210 14.0 107 NO5 220 11.0 58.4 54 | 20 23 [ 21 12 | 22 30 | 10 49 | 12 04 | 13 21 | 14 40
21 | 133 28.3 N21 13.0 | 224 43.7 10.7 NO5 33.0 11.0 585 52 | 20 12 [ 20 57 [ 22 03 | 10 49 | 12 02 | 13 18 | 14 34
22 | 148 282 N21 12.6 | 239 13.4 10.6 NO5 44.0 11.0 585 50 | 20 03 [ 20 44 [ 21 42 | 10 49 | 12 01 | 13 14 | 14 29
23 | 163 28.1 N21 121 | 253 43.0 10.6 NO5 54.9 109 585 45 (19 43 | 20 19 | 21 05 | 10 50 | 11 58 | 13 07 | 14 19

1700 | 178 281 N21 11.7 | 268 126 105 NO6 59 109 585 | N 40 | 19 27 | 19 59 | 20 38 | 10 50 | 11 55 | 13 02 | 14 10
01 | 103 28.0 N21 11.3 | 282 421 105 NO6 16.8 109 58.6 85 | 19 14 | 19 43 | 20 18 | 10 51 | 11 53 | 12 57 | 14 03
02 | 208 28.0 N21 10.9 | 207 11.6 10.4 NO6 27.7 109 58.6 80 | 19 02 | 19 29 | 20 0L | 10 51 | 11 51 | 12 53 | 13 56
03 | 223 27.9 N21 10.4 | 311 41.0 103 NO6 38.6 10.8 58.6 20 | 18 42 | 19 07 | 19 35 | 10 52 | 11 48 | 12 45 | 13 45
04 | 238 27.9 N21 10.0 | 326 10.3 10.3 NO6 49.4 10.8 58.7 10 | 18 25 | 18 48 | 10 15 | 10 53 | 11 45 | 12 38 | 13 35
05 | 253 27.8 N21 9.6 | 340 39.6 10.2 NO7 02 108 58.7 0|18 10 | 18 32 | 18 58 | 10 53 | 11 42 | 12 32 | 13 25
06 | 268 27.8 N21 9.2 | 355 88 10.2 NO7 11.0 108 587 | S 10 | 17 54 | 18 17 | 18 42 | 10 54 | 11 30 | 12 26 | 13 16

M7 | 283277 N21 87 9380 101 NO7 21.8 10.7 587 20 [ 17 37 | 18 01 | 18 28 | 10 54 | 11 36 | 12 20 | 13 06
08 | 208 27.7 N21 83 | 24 7.1 100 NO7 325 10.7 588 80 | 17 18 | 17 44 | 18 14 | 10 55 | 11 33 | 12 12 | 12 55

O 09 | 313276 N21 7.9 | 38 361 10.0 NO7 432 10.7 58.8 85 | 17 07 | 17 35 | 18 06 | 10 55 | 11 31 | 12 08 | 12 49

N 10 | 328276 N21 7.4 | 53 51 9.9 NO7 53.8 106 588 40 | 16 55 | 17 25 | 17 58 | 10 56 | 11 29 | 12 03 | 12 41

p 11| 34275 N21 70 | 67340 99 NO§ 45 106 589 45 | 16 40 | 17 13 | 17 49 | 10 56 | 11 26 | 11 58 | 12 33

A 12| 358275 N21 66 | 82 29 98 NO§ 151 106 589 | S50 | 16 22 | 16 50 | 17 39 | 10 57 | 11 23 | 11 51 | 12 22
13 | 13 274 N21 62 | 96 31.6 97 NO8 256 105 58.9 52 | 16 13 | 16 53 | 17 35 | 10 57 | 11 21 | 11 48 | 12 18

Y 14| 280274 N21 57 | 111 04 07 NO8 361 105 589 54 | 16 04 | 16 46 | 17 30 | 10 57 | 11 20 | 11 44 | 12 12
15 | 43 273 N21 53 | 125 20.0 9.6 NO8 46.6 104 59.0 56 | 15 53 | 16 38 | 17 25 | 10 58 | 11 18 | 11 41 | 12 07
16 | 58 27.3 N21 4.9 | 139 57.6 9.5 NO8 57.1 10.4 59.0 58 [ 15 41 | 16 29 | 17 20 | 10 58 | 11 16 | 11 37 | 12 00
17 | 73 27.2 N21 4.4 | 154 262 95 NO9 7.5 10.4 59.0 60 | 15 26 | 16 19 | 17 14 | 10 58 | 11 14 | 11 32 | 11 53
18 | 88 27.2 N21 4.0 | 168 546 9.4 NO9 17.8 103 59.1
19 | 103 271 N21 35 | 183 230 93 NO9 281 103 5.1 SUN MOON
20 | 118 271 N21 3.1 | 107 514 93 N09 384 102 501 | o Eqn. of Time Mer. Mer. Pass Age  Phase
21 | 133 27.0 N21 27 | 212 19.6 9.2 NO9 486 102 59.1 Y oo" b Pass. | Upper Lower | "&

22 | 148 27.0 N21 22 | 226 47.8 9.1 NO9 588 10.1 59.2 d|m s|m s| h m|[ hm[ hm| d%

23 | 163 269 N21 1.8 | 241 160 9.1 N10 89 101 59.2 15 | 05 56 | 05 59 | 12 06 | 04 42 | 17 06 | 21 64
16 | 06 02 | 06 05 | 12 06 | 05 30 | 17 55 | 22 54 O

SD 157 d 04 | SD 15.7 15.9 16.0 17 | 06 07 | 06 10 | 12 06 | 06 20 | 18 46 | 23 42

Fig. 8 Nautical Almanac
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GHA 4%¢] Ws7} gele] 24l mAE Ggo] vj§ Ak AL ofH Ak,
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Table 3-& Fig. 129} t3l= Aoz, Azt =4 3fo] w}pE w9 @
o e Ao E Hof 1A3Fe] AxF 47t BAS S W, BFe] A&t Addl
o] 9Jx Aol 27 10° 4 Wi} 90° A w W] e xE A4S Aot

Table 3 Azimuth Error Range

GHA(5° ) Dec.(38.6” )
90° 15° 38.6”
10° 97° 287 14” 37 42.57

olu Ejoke] 9o} Mube] 9% W MA] 9ol 90° o] e ko)
A B #Sol %7}"25‘}71 gz 1 FAGeE MAT Ao, et
o YHolAe= Fdol i 37° ZUdE A w A9 Dec #el 10°
ojste] ke EAISHA LAY At ol AE A Bl EFshe 3ol
B 1 o8t & AR o7t itk

g

Fig. 12 (@)= GHAZ} 15° 7} =po] & w, EjFe] A 9ok Adure] A7}
90° ¢ wiE, Fig. 12 (b)= Decrl 38.6” 7} =Fo] & wj, EfFe] A 99} Aute]
A7t 90° o W&, Fig. 12 (O« GHAZ} 15° Aol & uwlf, ejke] A} Aut
o] Z+AE7F 10° 9 W&, Fig. 12 (D= Decr} 38.6” 7F Afo] & wf, EjFo] A
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Fig. 12 Azimuth Error by GP & Angle Distance
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cos(15°)— cos(90° )cos(90° )
sin (90 ° )sin(90 *)

a)z = acos|( )=15°
c0s(38.6")— cos(90 ° )cos(90° )

sin (90 ° )sin (90 ) ) =386

b)z = acos(

cos(15°)— cos(10° )cos(10°)

- —— . =97°28'14"
sin(10° )sin(10°) )

¢)z = acos(

cos(38.6”)— cos(10° )cos(10°)
sin (10 ° )sin(10° )

d)z = acos( ) = 3'42.5"

o
o
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Moz WA WA At ZAG A% W FEe ‘0’ 7} Hel, A
AAE WA A9 sk FYsA D,

1417kl 15° GHA W7ol thall 109 Alztexts,
15° / 3600 " * 10sec = 150"

A E = Aola, INM 9 oxt= AE yjZFow 1'9 2z}

o 1o
to
_>;1_1‘
N
L

A= Lo

= 10x9 AIZF 23 =25 150"@25 ") 23 7R A HH, INM 9
AALAE 1'9 235 7= AS & ¢ doerv=z F 35" 37
A Ao F ol AL degree Z Y oF 0.058° 7F "ok A7 2l oYy
st HlFel % 30° (A== 60° ) IS HUZE ety /AT wo
s o4,

B c0s(0.0583 ° ) — cos(60° )cos(60° )\ .
z = arccos( S (60 Jsimn (60" ) ) = 0.067 (33)
o A A AES VHAE AE ¢ F o
WA oA7A 2 @A AE 28 Y F JTHE HF oz HAe=
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olg Aoz 4EF & AEAES otz Table 4o =AU

Table 4914, AA 7t2Z & Mute] 9x|of e oxto] as 3
o 7b7h ;5 gke] e mEHo) oF wAlolH, 1T AW Am 2L A7
o el FOlEE AL EAT Zolw 727 BE o] e G BEHof
o) FAlolTh, UmA] 7he] BE ok Mute] 992 oash WAH Azte] o
Ae @ ghe BIAAOH, 1 BE G Yol F& FHE BAR AL of
W A $ele] oxE REF Aol

FH @urhs B7F 10° 2e LA BFS BEF AL, ©AHNE =
10° e BEe|A ZAF ARE =k o EolM ¢ £ dE AL A
o] g nks Azke] Aol HE MNP ext Wstdnis Ae e
W Zlolul, Hube 91X oAb 20hu ArhH R nEdA ZHBEE o
% AUT P99 FH0) A5 AU AZT £ ok

Table 4 Error Analysis by Altitude

(a) Altitude 30°

INM 0.5NM 0.3NM 0.1NM
(0.0167°) (0.0083°) (0.005%) (0.0017°)
10 0.0674° 0.0577° 0.0539° 0.0501°
(0.0417°) (0.0584) (0,05%) (0.0467°) (0.0434°)
5&% 0.0433° 0.0336° 0.0298° 0.026°
(0.0208°) (0.0375") (0.0291°) (0.0258°) (0.0225°)
3x 0.0353° 0.0256° 0.0218° 0.018°
(0.0139") (0.0306") (0.0222°) (0.0189°%) (0.0156°)
1= 0.0241° 0.0144° 0.0106° 0.0068°
(0.0042°) (0.0209°) (0.0125°) (0.0092") (0.0059°)
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(b) Altitude 20°

INM 0.5NM 0.3NM 0.1NM
(0.0167°) (0.0083") (0.005%) (0.0017°)
10x 0.0621° 0.0532° 0.050° 0.0462°
(0.0417°) (0.0584°) (0,05 (0.0467°) (0.0434°)
bx 0.0399° 0.031° 0.0275° 0.0239°
(0.0208") (0.0375%) (0.0291°) (0.0258") (0.0225")
3z 0.0326° 0.0236° 0.0201° 0.0166°
(0.0139°) (0.0306°) (0.0222°) (0.0189") (0.0156°)
1= 0.0222° 0.0133° 0.0098° 0.0063°
(0.0042°) (0.0209°) (0.0125%) (0.0092°) (0.0059")
(c) Altitude 10°

INM 0.5NM 0.3NM 0.1NM
(0.0167°) (0.0083°) (0.005°) (0.0017°)

10x 0.0593° 0.0508° 0.0474° 0.0441°
(0.0417%) (0.0584°) (0,05") (0.0467°) (0.0434°)
E 0.0381° 0.0295° 0.0262° 0.0228°
(0.0208") (0.0375%) (0.0291°) (0.0258") (0.0225")
3= 0.0311° 0.0225° 0.0192° 0.0158°
(0.0139°) (0.0306°) (0.0222°) (0.0189") (0.0156°)
1= 0.0212° 0.0127° 0.0093° 0.006°
(0.0042°) (0.0209°) (0.0125%) (0.0092°) (0.0059")
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<% v Aok A= ATEe] HE= e AAgH. webA Figo 13
oAM Z+ Zn WE F3H7] A= A= =2 RG] AEerE WA
stofof gt}

=
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=]
A(‘)]TL‘

Y
4
Y

Pn

Shi
> GP

Fig. 13 Sunrise at the ship’ s position

upebA B el A 9ok AdEbel A= Aol olF= AW A LHA=

—

LHA
LHA

GHA + 2 (A : E & =)

(34)
GHA - X (A W <& )

ojF EWE A Z4 t=

if (LHA < 180° ) t(W) = LHA
else t(E) = 360 - LHA

W9 7,2 TE) A 27EE s deke A9 AdE dste s
olg T3] s,

cos(dist) = cos(90— Lat)cos (90 — dec) + sin (90— Lat )cos (dec)cos(t) (35)
=cos(dist) = sin(Zat)sin(dec) + cos(Zat)cos (dec)cos(t)

o2 Aidn
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ol@A FaA distE o] gate] AutelA WRE Hael BB Toiu,

cos(90—dec) — cos (90— Lat)cos (dist)

cos(Z,) = sin (90 — Zat )sin (dist) (36)
_ sin(dec) — sin(Zat)cos(dist)

=cos(Z,) = cos(Zat)sin (dist)

S 2 A4t

213Dl A t= ZARRIY QlFolB R IARIS 544 -90° oA 90° 71A1 ¢
He ¥ FoE FAAY. AMuke] X e} A9 YAZHE diste DA A
9 FAY B F AH Y AE vlart Erleity &, Aukela i B¢
< TE3S AJAA, o3 HES #=F AJA & F gl 24 F AHF
st 2~Ze} gho] dves As & F Utk

=S 4GB0 H Zy A
o

=3 il
A FRY. S, ARE 7IEe® HYol A e ¥ UEE BT
_%

Z, =360 — 7, (37

o2 ALkAT{29].

3.3 One Body FixE o] &3 9% 4=

A7 A AFE Hkel o] Ao 91X
DR, &2 SextantE ©]-&3% HEdHol A+
@3 17 o Aol A AXE GA FAE] o
= I4A HAEFHAA A& One Body Fix BHE o]

S itk B mEolAl Ak gl
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Tk o] wWE X9 4Eo] Jlsslith WA WS o] 83 One Body Fix
He oS3 2o

Fig. 1404 et ZEo], dole] AlZ;, Aol HA | thst] AMoA =
A€ 7C F JdoH, A g dAY 1EE FHst dure] 9

4 Ak

o
ok
%

N
i
-

90-dec
90-L
0o GP(GHA, dec)
AP (Lo, L)

Fig. 14 Ship Position through Navigational Triangle

GP9} AP9] 91x|o whe} Fig. 145 3o Bjeko] 1 Y= 4 urE}
oth ole} BIthE GPo} AP X7} Azte] Aol wret wi

7F A= e UEhdT

&%
7}

401- =
oy

_Hl rulo
lo

o

sin(90 —dec) / sin(z) = sin(90—h)/sin (¢)
=cos(dec)/sin(z) = cos(h)/sin(t)
=sin(t) = sin(z)* cos(h)/ cos(dec)

(38)

ot = arcsin(sin(z)* cos(h)/ cos(dec))
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47 4 )% Bl t B THOEA A= 4R B TT 5 Avke A
2 ¢ & Ak o8 B A=E Taw,

Lo = GHA +t

7h L W) = ) @el, (B & ) ghel Hok

47] 2 BRI & F Axol FEel FF W & gt Factor: 2ol

ok ARQlgke) S44 180° ool @g AW te (OREE shah

I= Le 7] ¢ sﬂ, Tatuz shs % AR AEE JEoR 45
HEZE 7Y, GHt = ()9 F35E VA= o= xFdEFo|oF 3. ugt
A Le ARgle] sk dato g A Eloj ok ),

c0s(90—dec) = cos(90—h)cos (90— L) + sin(90 — A)sin (90 — L)cos(z)
=sin(dec) = sin(Z)sin(k) + cos(Z)cos(h)cos(z)

=cos(ZL)cos(h)cos(z) = sin(dec) — sin(L)sin(h)

sin(dec)— sin(Z)sin(h)

cos(h)cos(z) (39)

socos(L) =

ole]] Z} t& o]&3}td,
c0s(90—h) = cos(90— L)cos (90— dec) + sin (90 — L)sin (90 — dec)cos(t) (40)

=sin(h) = sin(Z)sin(dec) + cos(Z)cos(dec)cos (t)

o 7)o 2](39)¢] cos(L)S tYstA,
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=sin(h) = sin(Z)sin (dec) +
sin (dec)cos(dec)cos(t) — sin(ZL)sin (h)cos(dec)cos(t)
cos(h)cos(z)

=sin(ZL)sin(dec) =
sin(h)cos(h)cos(z)—sin(dec)cos(dec)cos () + sin(Z)sin (h)cos (dec)cos(t)
cos(h)cos(z

t

)
= sin(Z)sin(dec)cos(h)cos(z) = sin(h)cos(h)cos(z) —
sin (dec)cos (dec)cos(t) + sin(Z)sin(h )cos(dec)cos(t)

= sin(Z)(sin(dec)cos(h)cos(z) — sin(h)cos(dec)cos(t))
= sin(h)cos(h)cos(z)—sin(dec)cos (dec)cos (¢)

sin(h)cos(h)cos(z)—sin (dec)cos (dec)cos (¢)

=sin(L) = sin(dec)cos (h)cos (z) — sin(h)cos (dec)cos (t)

sin(h)cos (h)cos(z)— sin(dec)cos(dec)cos (¢
sin (dec)cos(h)cos(z) — sin(h)cos (dec)cos (¢)

~—

) (4D

. L =arcsin(

24l @DolA B niel o], ARg 7Hs3dk One Body Fix W2 ARRIgto=
THAA HEZ 90"~ 90° oA ALgE 4 AT
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Table 5 Prototype Display Module Specification

Item Specification
Supply Power DC 24V
Data Input RS-422
Baud Rate 4,800 bps
Data bit 8 bits
Stop bit 1 bits
Parity None
Ar8-% Core Processor= STAFS] Cortex-M4 7]®F STM32F437VGT60] AH&-=]
Atk o] TEAAE Ho 1 Mbytee] Flash MemoryS A Q3t0, #
Ashe ZA AT 7 HEZ FALS AHH O In FAlo| 7h5F RS-422
52 A8l kg Hel Holel Aol MlsatES Bk,
Fig. 20& AAEE] F1 AAHF ARzlo|tt,

AARES 45 43 AYHE T3l 7AEARNE dEst=F Agst AE

Fig. 20 Display Module Connection
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$--HDT, XXX X, T*hh<CR><LF>

L Checksum Field
Heading, degrees True

Address Field

$--HDM, xxx X,M*hh<CR><LF>

L Checksum Field
Heading, degrees Magnetic

Address Field

$--HDG,x.X,X.X,a,X.X, a*hh<CR><LF>

L Checksum Field
I\/Iagnetic Variation, degrees, E/W
Magnetic Deviation, degrees, E/W

—— Magnetic Sensor Heading, degrees
Address Field

$--HMC,xxx.x,W*hh<CR><LF>

L Checksum Field

MEMS Sensor Heading, degrees
— Address Field

Fig. 21 NMEA Sentence
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Fig. 22&= H% 949 AAEE9 PCB Artwork o]n]A] o]t}

—% [ Sk A e sl A% A

Table 6 Display Module Specfication

Item Specification
Supply Power DC 24V
Data Input RS-422
Baud Rate Optional
(Default : 4,800bps)

Data bit 8 bits
Stop bit 1 bits

Parity None

— 66 —
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Fig. 23 GUI of Embedded Device
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AN ANMMY AL 2
Fig. 24 Prototype PCB Artwork of Azimuth Circle

Z27] WMo % ALFS Table 73 2o

Table 7 Prototype Azimuth Circle Specfication

[tem Specification
Supply Power DC 5V
Data Input RS-422 / SPI
Baud Rate 4800 bps
(GPS : 9,600 bps)
Data bit 8 bits
Stop bit 1 bits
Parity None
— g9 —

Collection @ kmou



Fig. 25 drlv= ZA9] st=dof EFo|th

Fig. 25 Implementation of Embedded Device
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Fig. 27 Single Turn Type Encoder
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Fig. 28 Azimuth Circle

Fig. 29 H= 7d% wW9)3le) PCB Artwork &4bo]c}.

Fig. 29 Azimuth Circle PCB Artwork
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HE 7dd A< A 2 Aol FER AEFe Adsta, FAEFS
= 9 skt

Table 82 HZ A E v 3le] Alefolt),

Table 8 Azimuth Circle Specification

Item Specification
Supply Power DC 24V
Data Input RS-422 / SPI
Baud Rate (GPS4’?O9(,)68(€)prS)
Data bit 8 bits
Stop bit 1 bits
Parity None

HF T7dE weddd = FAREFE 2% DEBUG ModeE HE=Z XY=
A =Fah Ak,

Fig. 302 Monitoring Screen %7] s}¥H ol

wxxnnxnx flzimuth Circle Monitor sxsxxxx - -
System Info: H/W - 2.0a, F/H - 2.0a — ERI0{22E 2HEYOIHH E/|
1. Encoder Monitor — Froder QX A| AIEHEION 21 04ARZATE Ll |E

o - Y —

2. GPS Monitor = ook
3. Exit this Monitor GPS SN HS /5t GPS Orginal Data 2L

36 3 3 3 I6 3 I 3 2 3 I 3 I T I F I Fe I F e Fe e Fe e Fe e Fe I H I Fe I W I I I K

Select » i

Fig. 30 Monitoring Screen Initial Display
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Raw=2086. Nd1=022, o=y
Raw=0996, d] =32, Fnrn i) SHH U ﬁ IRHF U ]
Raw=3429, Adj=1615, Encoder= lﬁq 0, SUK=0.0, TRUE=0.0 GPGGA, 0718 190 .E.1,10,0.19 21,6
Raw=2538, Ndj=0724, Encoder=63.6, SUN<0.0, TRUE-A.0 GPOSA.A.3.0 16,192.21.09, . .1.11.0.19.0.71+36
Raw=1308, fdj= Fncoder=03.1, SUN-0. 0, TRUE ﬂ f 4GPRMC.G71856. 35105315, .1290? 1190.E.0.46,12 .41, 260416, , A+55
Raw=0087, N " . SUNG,0, TRUE=D.0  SGPVIG,12,61.7, M.0.44 N.0.82,
Raw=3076, f g , SUN=0.0, TRUE=0.0  $GRGCR, 071857, ﬂﬂﬁ q 510. 5316,
Raw=2036, icoder= 1 Y b"N 0.0, TRUE=0.0 $6FGSA,A.3,08, 91, 2? 0, ”b 2J
Raw=1879, R - Encoder=5.7. SUN=0. H TRUE=0.9 SGPRMC, 671857, 000,035
Raw=1879, Hd] ﬂﬂf‘ Ehrndtr'a 1. SUN=263.7, TRUE=258.0  4GPVTC,9.68,T N, ]
Ran=1879, Ndj=0065, Encoder<5.7, SN :f. WE=258.0 $GPGON. 071858 6005
Raw=1879, fidj=0065, Fntﬂﬂur’ﬂ.]. SUM=263.7, TRUE=258.0  $GPGSA.A.3.08.3 1 ?
Raw=1819, Adj- "U[H Y ik . IR $OPRHC, ﬂfls M o] b ..thﬁlﬁ M
Raw=0744 , fi . Ene v Gl A $LPUTL 342, qH 1 6:
Ran=0488, 1.
Raw=0409, e
Raw=0489, Ad)- mu
haw ITNG. fldj=Jb4 !,
365, Ndj=3646, , H . . 5 16,1391 1
. Mdj=3666, Enc IR 1R ' .00, 5]13 N, I?gﬂ? 7091.E.0.33. 302,88, ”bﬂﬁlh 2
365, My o . $UN263.7. 62
Raw=1365., ) 0.5, SUN=263.7, ' $hf
Raw=1369. Ad1=3046, Encoder=320.5, SUN=263.7. |HUL 03,2 6P
$GPRAC

Fig. 31 Troubleshooting Testing Mode
Monitoring Screen< =E&S F3] dA¥tx == W8ty EES 53
<IE 0]5:7} 7Vssh, sho]mEujd 2 Tera Term, Putty, COMMaster 5 A
g4 A A= Huld SIWE &8l 94 5+ St

g =2 MYshr] A AL Table 99} 2t

Table 9 Monitoring Screen Set

Item Specfication
Data Output RS-232
Baud Rate 38,400 bps
Data bit 8 bits
Stop bit 1 bits
Parity None
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Raw=2086, Adj=0272, Encoder=23.9, SUN=0.0, TRUE=0.0
Raw=0996, Adj=3271, Encoder=288.1, SUN=0.0, TRUE=0.0
Raw=3429, Adj=1615, Encoder=142.0, SUN=0.0, TRUE=0.0
Raw=2538, Adj=0724, Encoder=63.6, SUN=0.0, TRUE=0.0
Raw=1508, Adj=3789, Encoder=333.1, SUN=0.0, TRUE=0.0
Raw=0087, Adj=2368, Encoder=208.2, SUN=0.0, TRUE=0.0
aw=3076, Adj=1262, Encoder=110.9, SUN=0.0, TRUE=0.0
aw=2036, Adj=0222, Encoder=19.5, SUN=0.0, TRUE=0.0
aw=1879, Adj=0065, Encoder=5.7, SUN=0.0, TRUE=0.0
aw=1879, Adj=0065, Encoder=5.7, SUN=263.7, TRUE=258.0
aw=1879, Adj=0065, Encoder=5.7, SUN=263.7, TRUE=258.0

, Adj=0065, Encoder=5.7, SUN=263.7, TRUE=258.0
aw=1879, Adj=0065, Encoder=5.7, SUN=263.7, TRUE=258.0
aw=0744, Ad3=3025, Encoder=265.9, SUN=263.7, TRUE=258.0
aw=0488, Adj=2769, Encoder=243.4, SUN=263.7, TRUE=258.0
aw=0489, Adj=2770, Encoder=243.5, SUN=263.7, TRUE=20.2
aw=0489, Ad1=2710, Encoder=243.5, SUN=263.7, TRUE=20.2
Raw=1366, Adj=3647, Encoder=320.6, SUN=263.7, TRUE=20.2
aw=1365, Adj=3646, Encoder=320. 5 SUN=263.7, TRUE=303.2
aw=1365, Adj=3646, Encoderh32@ SUN=263.7, TRUE=303.2

N~

Encoder0fjA] £33 ﬁﬁ% Encoder  QIAMEI EfIO| ZS%O
HA[HJ0IE] ZH 2 Rl WH

Fig. 32 Encoder Monitor Display
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$6PGGA, 071856.000,3510.5315,N,12907.7190,E,1,10,0.79,21.6,M,25.4 M, «oF
$6PGSA,A,3,08,31,27,07,26,23,16,193,21,09,,,1.11,0.79,0.77%36
$GPRMC,071856.000,A,3510.5315,N,12907. 7190 ,E,0.44,12 .41 ,260416, , ,Ax55
$6PVTG,12.41,T, M, 0.44 N, 0.82 K,A=01
$6PGGA,071857.000,3510.5316,N,12907.7191,E,1,10,0.80,21.6,M,25.4 M, ,=oR
$6PGSA,A,3,08,31,27,07,26,23,16,193,21,09,,,1.45,0.80,1.20%32
$GPRMC,071857.000,A,3510.5316,N,12987.7191 ,E,0.44,9.68,260416, , ,A=67
$6PYTG,9.68,T, M, 0.46,N,0.82 K,A=30
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$GPGSA.A,3,08,31,27,07,26,23,16,193,21,09, .,1.45,0.80,1.20%32
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$GPVTG,3462.38.1,,H,0.36,N.0.66,K,Ax36

$GPGGA, 071859.000,3510.5318,N,12907. 7191 E.1,10,0.79,21.6,M,25.4 M, , *5C
$6PGSA,A,3,08,31,27,07,26,23,16,193,21,09,,,1.11,0.79,0.77%36
$6PGSV,3,1,12,27,84,313,20,16,57,036,28,08,53,237, 14,26, 38,072, 30 1C
$6PGSV,3,2,12,23,31,247,18,09,27,282,26,21,20,050,21,07,14,317,17=76
$6PGSY,3,3,12,31,14,139,15, 44,12, 254, ,193,09,167,17,11,09, 202, 18=46
SGPRMC, 071859000, A.3510.5318,N,12907. 7191 E,0.33,332.88, 260416 , , ,Ax62
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$6PGSA,A,3,08,31,27,07,26,23,16,193,21,09,,,1.11,0.79,0. 7736
$GPRMC,071900.000,A,3510.5319 N 12987.7190 E.0.25,5.14,260416, , A=6A

Fig. 33 GPS Monitor Display
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Table 102 2z} 79 E] 2] Pin Mape]t}.

Table 10 Connector & Pin Map

Pin Part Pin Map
Pin img. No Description Color
1 24V
2 ov
3 FG
4 TX1-A (isp) Yellow
. . 5 TX1-B ©isp)
Azimuth Circle to
12 . 6 RX1-A (isp)
Junction Box
7 RX1-B (oisp)
8 TX2-A (DEBUG)
9 TX2-B (pEBUG)
10 RX2-A (DEBUG)
11 RX2-B (DEBUG)
12 -
Pin img. No Description Color
1 24V
Repeater to G @ F v
6 . 3 Tx-A
Junction Box (e)
(9 (2) 4 Tx-B
5 Rx-A Yellow
6 Rx-B
Pin img. No Description Color
Power to Junction L 24V
3 Box @ @ 2 oV
@ 3 FG (Optional)
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Pin img. No Description Color
Junction Box to 1 24V
’ | (3) (1
Display 5 oV
@ 3 FG (Optional)
Pin img. No Description Color
1 TX1-A(ACircle)
2 ™1 -B(ACircIe)
3 RX1-Acirc
8 Junction Box to ONO ; - B(A ircle)
-Bacird
Display @ @ (ACircle)
5 TX2-ARept)
® 1®
O) 6 TX2-B(Rept)
7 Not Use
8 Not Use White

415 A ¥ =ZIH

Fig. 36 298 9] 4% Ajzlo]t),

Fig. 36 Repeater Upper Figure
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Fig. 37 Binnacle Type Repeater

Fig. 382 Alztd 2|3 El2] PCB Artwork ©]u]x]o]t},
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Fig. 38 Repeater PCB Artwork

Azte Aukx aE e Ak Table 113 2t

Table 11 Compass Repeater Specfication

- .7
Item \ S\ 14 #;%‘9’,

Dimensions 310 X 118mm / Bezel @241mm
Mounting Gimbal
Gimbal Action +45° pitch and roll
Power 24V DC
Data 1/0 RS422/NMEA0183
Resolution +0.5°
Follow-Up Rate 15°/second
Display DUAL Scale 36:1
Temp(ifstrljl;:ao?{ange T25°C ~ 55
Weight less 8kg
— 83 —
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Table 12 Sun GP between Almanac and Algorithm

Almanac Algorithm Difference

Time
GHA Dec GHA Dec GHA Dec

01:00 | 194" 11.9°| S 23" 2.2° [194° 11.90"| S 23" 2.2° | 0° 0.00°| 0° 0.0°

13:00 | 11° 545" | S 7° 851" [11754.48" | S 7 351" |-0° 0.02"| 0° 0.0°

06:00 | 270° 55.1° | N 18° 47.7° {270° 55.08’| N 18 47.7" |-0° 0.02"| 0° 0.0°

18:00 | 88" 25.0" | N 17° 57.4" | 88" 25.06" | N 17° 57.4" |+0° 0.06"| 0° 0.0’

09:00 | 318° 31.9" | S 08" 27.1" |318" 31.87°| S 8" 27.1" |-0 0.03"| 0° 0.0°

21:00 | 137° 44.3" | S21° 50.8" |137° 44.38'| S 21° 50.8" |+0° 0.08"| 0" 0.0°

Table 120 719 upsh o] GHA 2 Dece] @4kg %3l AHg® WouE
FuFe FTPHFEAUNA BYE AZHS Hol7h A gee U 5
Atk 238 251 A ALelA WEAAA He A=Y g 2y o
A e AT 5 Agor, Bz BN AR Y ANE ¢
S Ane e AT & AU

HIIAE AL 7] g8l TAR Addnel B TPNFRALANA B2

Collection @ kmou



GHA x4 Hd +01"',

1

T

7ol BF Aol hF 4% ARA

g
ol

A 1A 7HA

o
o)

o

)

)
_

Al
A

—_

-A

CRAE S Y

=
| S

Faj Ake] 7]

st

¢

ALY

=]

He FEE ok Al AR T

.]

A
i

7N

o

5

ol

ol

it

2 ool 9ee

oo
[

)

o

°

WA o] Hit

=

=

o] ak& Ao w

St A TF.

9

=g

©

= vjo}

il
X

<!

7A

2

AHANME A

AT

§7ol wheh BAHOE Azl

O]

o

YEF wEHA NP A

<
T

o
=

o]

,umo
o
KO

N

23

e

, A

ol
N

24 Be)g 97}

o

LU

4.2.2

Aoltt.

=

N7e e

| —
—

Al A 2

)

Fo 2}

)

= A

s}

=0
_ =

d

__AL

Table 13-&

Collection @ kmou



EoA & 5 glEo] Ee] BE A4 Aol ow g me Azl Aol
L owE gl A9 AN R HEART 58 AAE olgshel WA
e Aol

Table 13 Astronomical Observation Process and Time

Required Time
Existing Observation —
Observation Procedure = Existing Proposed
Process Observation Observation
Method Method
Azimuth Measurement . )
] . Azimuth Circle 3 sec 3 sec
of Celestial Bodies
. ) Chronometer Electronic
Register Current Time 3 sec
Watch
GP Calculation of Interpolate using the 300 sec
Celestial Bodies Nautical Almanac
Identify Own Ship GPS or Recognized
. : 2 sec 1 sec
Position Location
Bearing of the ] .
. ) Sight Reduct ion Table 150 sec
Celestial Bodies
, , Bearing Indicator
Heading Detection . 5 sec
Reading
Operation Time 463 sec 4 sec

HAS HH pEe Al 23 F 598 A} ALSHGE Hx 8%
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Fig. 39 Preparation for Measurement

12 H2Es FARREA =7 HFE 727, f% 35.074917, A=
129.0860579 4 Al3)stgom, Besto g A7 52 105 7tAo 2 & 73
AL Y3t AAE A3t A) Table 4= A5 YERA Zoltt

AN

Table 14 Test #1 Results

Time 15:00 15:10 15:20 15:30 15:40 15:50 16:00 Mean

Result 158.6 163.1 167.3 171.3 175.3 179 182.6 | 171.03

Error - 4.5 4.2 4 4 3.7 3.6 4.00

Dev. 12.43 7.93 3.73 0.27 4.27 7.97 11.57 6.88
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e A& s e, sld A& A £ 23 H2EE WP

22 HZExs FARAA FETF OHSE 727, f1x= 35074913, A=
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Table 15 Test #2 Results

Time 13:20 13:40 14:00 14:20 14:40 15:00 15:20 Mean

Result | 288.1 288.2 | 287.7 | 287.7 | 287.6 | 287.6 | 287.6 | 287.79

Error - 0.1 - 0.5 0 - 0.1 0 0

Dev. 0.31 0.41 0.09 0.09 0.19 0.19 0.19 0.21

32t H2Exw FAEgdA st A"EER 71, A% 35174708, A=

129.1281101 41 Al¥akqict. 9$HS o] &8t 208 AR F 63 FAHS

X8Y3sted Table 1634 o] AAE 1At 22 H2ES FU3HA A7t

Asle] BgS BE3tE WY HEtsdE BEZEx Od dde A&

o2 dA HAAWIA AL E FABE A2 FRIFHAT, FH 3k E4b
_ 90 -
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2 i 0.28° & YEFRAT
Table 16 Test #3 Results
Time 10:00 10:20 10:40 11:00 11:20 11:40 Mean
Result 287.6 288.5 287.7 287.7 288.2 287.9 287.9
Error - 0.9 -0.8 0 0.5 -0.3
Dev. 0.33 0.57 0.23 0.23 0.27 0.03 0.28
421 HZ2EE FEABYA AdEF GFAE 52, 9% 35.085579, A=
129.0348989) A Al &3+ ). Azimuth CircleZ 308 tdo =2 & 83 =& A
Aate] Table 173 Zo] A Ssigdrh. 249} 33 Hl=E9 FUaAl 3
de A& AiE FAGE AR FAHYL SeAe] B BP
0.20° & YEeERJ ST
Table 17 Test #4 Results
Time 13:30 | 14:00 | 14:30 | 15:00 | 15:30 | 16:00 | 16:30 | 17:00 | Mean
Result | 145.0 | 145.2 | 145.4 | 1455 | 145.5 | 145.4 | 145.1 | 145.8 | 145.45
Error - 0.2 0.2 0.1 0 -0.1 -0.3 0.7
Dev. 0.36 0.16 0.04 0.14 0.14 0.04 0.26 0.44 0.20
52 HIZE& JAF3YA IdEF HIFE 727, 9% 35074859, HE=E

129.0859489 A R 3sFAFTF. Azimuth Circle2 10% kAo 2 1A7F 30% 9o
Z 103 AL Z3YP3to Table 187 o] A= FHQlstyth 5x HAEQ
A3t 2 este BAS BE 005° 7F Uehde & 5 AT

Collection @ kmou



Table 18 Test #5 Results

Time | 14:30 | 14:40 | 14:50 | 15:00 | 15:10 | 15:20 | 15:30 | 15:40 | 15:50 | 16:00 | Mean

Result | 178.3 | 178.4 | 1783 | 178.3 | 1783 | 178.3 | 178.3 | 1784 | 178.2 | 178.4 | 178.32

Error - 0.1 | -0.1 0 0 0 0 0.1 | -0.2 | 0.2

Dev. | 0.02 | 0.08 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.08 | 0.12 | 0.08 | 0.05

62 H2Es FAFAA s+ A"Es=E 71, % 35174530, 73
12912812591 41 A8 8t dtt. Azimuth 2 =

gstod Table 199} o] AxE &RAsIATE Aol AHyslod = dld-S w9
g #AsE o2 AT, FHAL] Be FE 014° 7h vede &
T AN
Table 19 Test #6 Results
Time 9:30 9:50 10:10 10:30 10:50 Mean
Result 264.3 264.5 264.1 264.1 2064.4 264.28
Error - 0.2 -0.4 0 0.3
Deviation 0.02 0.22 0.18 0.18 0.12 0.14

2 HZEE FARAA FET OHIFE 727, 1= 35.074887, A=
129.0859760 A1 Al &3ttt Azimuth Circle2 108 7tFdog % 73 =4 %
305 13 F7F 543t Table 203 Zo] A At SAH A &
2he HAt 0.17° o] eSS & U

N

.

o
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Table 20 Test #7 Results

Time 15:00 | 15:10 | 15:20 | 15:30 | 15:40 | 15:50 | 16:00 | 16:30 | Mean

Result 220.3 | 220.1 | 220.6 | 220.6 | 220.5 | 220.3 | 220.6 | 220.2 | 2204

Error - -0.2 0.5 0 -0.1 -0.2 0.3 -04

Deviation | 0.10 0.30 0.20 0.20 0.10 0.10 0.20 0.20 0.17

82t HI2E+ FAIYA A= GEAE 52, &= 35085550, AE
129.034928| A R 3stR . Azimuth CircleZ 10& FA S =2 F 83 =A 5t
A7E ey, 2AAR Aste) 108 140w 24T 2HoAe] B
2 ¥+ 0.19° & YEH = A S Table 213 o] gl

Table 21 Test #8 Results

S Eds 15:12 | 15:22 | 15:32| 15:42 | 15:52 | 16:02 | 16:12 | 16:22 | Mean

Result 226.5 | 226.6 | 226.1 | 226.3 | 226.1 | 226.0 | 226.1 | 226.0 | 226.21

Error - 0.1 -0.5 0.2 | -0.20| -0.1 0.1 -0.1

Deviation | 0.29 | 0.39 | 0.11 | 0.09 | 0.11 | 0.21 | 0.11 | 0.21 0.19

92t HZZEE FARFYA YEF HIE 721, 5 35074844, A=
129.085957| Al Al &3kl o™, Azimuth Circle=2 20 IFA S E 2A7HEt F 7

8 ZAsE, 2 54 A4 v A%om F 53F Zgse] A FolA
Adighd Aage AN UmAe] Frge AL gelsnh. 34 A
Age AT W W AINE fASGo, 2383 HiEA M 27
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o] A7) R BA4ke] o] R AA detgozA fEAe] Ut ulg FL
o & F YA SH oA B B 0.04° o ofF 5% ARE et
W& Table 223 Zo] & 4 AT

Table 22 Test #9 Results

Time 14:00 | 14:20 14:40 15:00 | 15:20 | 15:40 | 16:00 | Mean

1 194.7 | 1945 | 1946 | 1947 | 194.7 | 194.6 | 1944
2 194.8 | 194.7 | 194.6 | 194.6 | 194.6 | 194.7 | 194.7
3 1947 | 1945 | 1945 | 1946 | 1946 | 194.7 | 194.6
4 194.7 | 194.6 | 1945 | 1946 | 194.6 | 194.8 | 194.7
S 194.7 | 194.8 | 194.7 | 194.7 | 194.6 | 194.7 | 194.7

Result 194.7 | 194.6 | 194.57 | 194.63 | 194.6 | 194.7 | 194.67 | 194.64

Error - =0uk: -0.03 | 0.07 | -0.03 | 0.1 | -0.03

Deviation | 0.06 0.04 0.07 0.01 0.04 | 006 | 0.03 | 0.04

7NE H2E A BEdAA)l gokel BIE 150 BERo = HuaA =
A7t 47 FoE He AAEL oS AAs] YT vere vlEals] 9
el A% BES A HATh olUF BE PPe] WAL BEAe LU=
2 et 24y} A UEhbe AL HATT SAd, AFxe] o] #
270 %W AEs) PR E GG sotar] 9% Aol
07 H2ES B BZAe] HHEsl WeNEe] o shg 2 Fe
20t AL FASFAT. ol HLe AYE Fae szEolo W iE
G Eo] ue AaA FAEACH, 714l e A9 glos AL
Azste AYL & F AU
Lo
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Sdeee eltiE PHoRE guY BAE FHHUAL AR TE 33

o Aot HAE AL U e B0l ASAe2 shpsn, dgoe 4
% o

Table 23 Comparision of Test Results

Test #1 Test #2~#8 Test #9
Mean Error 6.38° 0.17° 0.04°
Single Multi
Remarks Bug Error Observation Observation

ol A AHsARol 14 B2EE AVHY Aol AT olegg EYE
9e s Bk 14 HZES B3 3

stof AlzEle ST

AE 7d8 Yutl= AAE 2ta 23 H2ES AFste F 83k HZE7
A e ERSE TR APE Fdsen, I Ay LA 017°
d5d AHE e F AT
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B A7E B dolnl APATEo] o= Fro FHEAAE B
2

A=tl, Aute] Transmitting Heading DeviceE HA3loF sl #4S AFolstn
Atk Gyro AH 28 o PH o @AshA ®ahs Mute] gF kel THDE
O AIEE 1.0° o)3tE FAS A T

Table 24 Tolerance Comparison

THD TG-8000/8500 |  JLR-21 Proposed
Equipment
Tolerance 1.0° 0.5° 0.5° 0.17°
or less RMS RMS (0.04° )

T2 3 TG-8000/8500 Tokyo KEIKIO|A st ¢l Gyro 73 2o]u,
IMO 14S Z5at= AZTo 38925 RMS 0.5° olat= Aatm TH30L

JLR-21& JRCOA sl gl GPS AT 2olm 38922 RMS 0.5° =
AL ATH31l

A e BEhz B AT A 4E AW A7 ZANATe A
2~ AYE Az RYHE Ae B0, @A ABHL At w9 B A
Eool B9 AFE G o WY ool YL L+ AT B
olgate] WEF T UE FAE Fol AToz Mute] gL oy
Aol tate] NE A% PETe Aolo] we Hely FYe FAHon g
e s ZAAT, ARAE B Held e AATGE Ao Atar

g5 -
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TABRAZ] Tl A= Aduke] gl H kS 98k THDs(Transmitting
Heading Devices) 2 TMHDs((Transmitting Magnetic Heading Devices)®] ®A| &
Hastal ot ol iR i Auto] T4 AolEHAAEA At &
A= oo & THDs #A8S FFA7|L Jou, 5 At Jojxs TMHDs=
&]-&3ta UATH32L

TABNALZ Tl A e el AU/ AR 2= Aol2 gl wau YR g
2, ECDIS, AIS, VDR, =A|AlEA Fo] Utk o3 AHte] 7R 552 7|ad
A 5 deol wet WAL lon, HAVee A& A
TH33I34) ol AFrellA AAlE d¥lE = FA2 Aol d2 dFHa, 71
A Mz g 7IARR o] BHeko] o] Fojxittd TMHDsE thAlsts E4 ]
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o dsf A5 £ 71T AW S Ay aho] dojdnty FWAn o A4
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Appendix A. Planets: Periodic Terms

Planet Series No. A B C

EARTH LO 1 175347046 0 0
2 3341656 4.6692568 6283.07585
3 34894 4.62610 12566.1517
4 3497 2.7441 5753.3849
5 3418 2.8289 3.5231
6 3136 3.6277 77713.7715
7 2676 4.4181 7860.4194
8 2343 6.1352 3930.2097
9 1324 0.7425 11506.7698
10 1273 2.0371 529.6910
11 1199 1.1096 1577.3435
12 990 5.233 5884.927
13 902 2.045 26.298
14 857 3.508 398.149
15 780 1.179 5223.694
16 753 2.533 5507.553
17 505 4.583 18849.228
18 492 4.205 775.523
19 357 2.920 0.067
20 317 5.849 11790.629
21 284 1.899 796.298
22 271 0.315 10977.079
23 243 0.345 5486.778
24 206 4.806 2544.314
25 205 1.869 5573.143
26 202 2.458 6069.777
27 156 0.833 213.299
28 132 3.411 2942.463
29 126 1.083 20.775
30 115 0.645 0.980
31 103 0.636 4694.003
32 102 0.976 15720.839
33 102 4.267 7.114
34 99 6.21 2146.17
35 98 0.68 155.42
36 86 5.98 161000.69
37 85 1.30 6275.96
38 85 3.67 71430.70
39 80 1.81 17260.15
40 79 3.04 12036.46
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41 75 1.76 5088.63
42 74 3.50 3154.69
43 74 4.68 801.82
44 70 0.83 9437.76
45 62 3.98 8827.39
46 61 1.82 7084.90
47 57 2.78 6286.60
48 56 4.39 14143.50
49 56 3.47 6279.55
50 52 0.19 12139.55
51 52 1.33 1748.02
52 51 0.28 5856.48
53 49 0.49 1194.45
54 41 5.37 8429.24
55 41 2.40 19651.05
56 39 6.17 10447.39
57 37 6.04 10213.29
58 37 2.57 1059.38
59 36 1.71 2352.87
60 36 1.78 6812.77
61 33 0.59 17789.85
62 30 0.44 83996.85
63 30 2.74 1349.87
64 25 3.16 4690.48
EARTH L1 1 628331966747 | 0 0
2 206059 2.678235 6283.075850
3 4303 2.6351 12566.1517
4 425 1.590 3.523
5 119 5.796 26.298
6 109 2.966 1577.344
7 93 2.59 18849.23
8 72 1.14 529.69
9 68 1.87 398.15
10 67 4.41 5507.55
11 59 2.89 5223.69
12 56 2.17 155.42
13 45 0.40 796.30
14 36 0.47 775.52
15 29 2.65 7.11
16 21 5.34 0.98
17 19 1.85 5486.78
18 19 4.97 213.30
19 17 2.99 6275.96
20 16 0.03 2544.31
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21 16 1.43 2146.17
22 15 1.21 10977.08
23 12 2.83 1748.02
24 12 3.26 5088.63
25 12 5.27 1194.45
26 12 2.08 4694.00
27 11 0.77 553.57
28 10 1.30 6286.60
29 10 4.24 1349.87
30 9 2.70 242.73
31 9 5.64 951.72
32 8 5.30 2352.87
33 6 2.65 9437.76
34 6 4.67 4690.48
EARTH L2 1 52919 0 0
2 8720 1.0721 6283.0758
3 309 0.867 12566.152
4 27 0.05 3.52
5 16 519 26.30
6 16 3.68 155.42
7 10 0.76 18849.23
8 9 2.06 77713.77
9 7 0.83 775.52
10 5 4.66 1577.34
11 4 1.03 7.11
12 4 3.44 5573.14
13 3 5.14 796.30
14 3 6.05 5507.55
15 3 1.19 242.73
16 3 6.12 529.69
17 3 0.31 398.15
18 3 2.28 553.57
19 2 4.38 5223.69
20 2 3.75 0.98
EARTH L3 1 289 5.844 6283.076
2 35 0 0
3 17 5.49 12566.15
4 3 5.20 155.42
5 1 4.72 3.52
6 1 5.30 18849.23
7 1 5.97 242.73
EARTH L4 1 114 3.142 0
2 8 4.13 6283.08
3 1 3.84 12566.15
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EARTH L5 1 1 3.14 0

EARTH BO 1 280 3.199 84334.662
2 102 5.4272 5507.553
3 80 3.88 5223.69
4 44 3.70 2352.87
5 32 4.00 1577.34

EARTH Bl 1 9 3.90 5507.55
2 6 1.73 5223.69

EARTH RO 1 100013989 0 0
2 1670700 3.0984635 6283.0758500
3 13956 3.05525 12566.15170
4 3084 5.1985 77713.7715
5 1628 1.1739 5753.3849
6 1576 2.8469 7860.4194
7 925 5.453 11506.770
8 542 4.564 3930.210
9 472 3.661 5884.927
10 346 0.964 5507.553
11 329 5.900 5223.694
12 307 0.299 5573.143
13 243 4.273 11790.629
14 212 5.847 1577.344
15 186 5.022 10977.079
16 175 3.012 18849.228
17 110 5.055 5486.778
18 98 0.89 6069.78
19 86 5.69 15720.84
20 86 1.27 161000.69
21 65 0.27 17260.15
22 63 0.92 529.69
23 57 2.01 83996.85
24 56 5.24 71430.70
25 49 3.25 2544.31
26 47 2.58 775.52
27 45 5.54 9437.76
28 43 6.01 6275.96
29 39 5.36 4694.00
30 38 2.39 8827.39
31 37 0.83 19651.05
32 37 4.90 12139.55
33 36 1.67 12036.46
34 35 1.84 2942.46
35 33 0.24 7084.90
36 32 0.18 5088.63
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37 32 1.78 398.15

38 28 1.21 6286.60

39 28 1.90 6279.55

40 26 4.59 10447.39
EARTH R1 1 103019 1.107490 6283.075850

2 1721 1.0644 12566.1517

3 702 3.142 0

4 32 1.02 18849.23

5 31 2.84 5507.55

6 25 1.32 5223.69

7 18 1.42 1577.34

8 10 5.91 10977.08

9 9 1.42 6275.96

10 9 0.27 5486.78
EARTH R2 1 4359 5.7846 6283.0758

2 124 5.579 12566.152

3 12 3.14 0

4 9 3.63 77713.77

5 6 1.87 5573.14

6 3 547 18849.23
EARTH R3 1 145 4.273 6283.076

2 7 3.92 12566.15
EARTH R4 1 4 2.56 6283.08
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