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ABSTRACT

There is a method to enhance the pure navigation performance of INS(Inertial Navigation
System) through the rotation of inertial measurement unit to compensate error sources of
inertial sensors each other and that INS using this principle of operation is called rotational
INS. In this paper, the exact error analysis of rotational INS based on ring laser gyro
considering the coupling effect with gravity and earth rate is performed to evaluate the
navigation performance by inertial sensor error sources. And error analysis and performance
evaluation result confirmed by modelling and simulation is also proposed in this paper.
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Fig. 1. Stop/Rotation Sequences of
Rotational INS
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Table 1. Gyro Bias Error of Rotational INS
Sequence e-axis bias n-axis bias u-axis bias
Stop 1 G, G, G,
Rotation 1 cos (wyt) Gy, — sin(wyt) Gy, sin(wpt) G, + cos(wpt) G, G,.
Stop 2 -G, —G, G,
Rotation 2 -G, —cos (wyt) Gy, —sin(wyt) G, —sin(wyt) G, + cos(wyt) Gy,
Stop 3 -G, G, — G,
Rotation 3 —cos(uyt) G, +sin(wyt) G, sin(wpt) G, + cos(wpt) G, -G,
Stop 4 G, —G, — G,
Rotation 4 G,, —cos(wyt) Gy, —sin(wyt) G, sin (wet) G, — cos (wyt) G,
Stop 5 G, G, G,
Rotation 5 Gy, cos (wyt) G, +sin(wyt) G, —sin(wyt) Gy, + cos(wyt) Gy,
Stop 6 G, —G, — G,
Rotation 6 cos (wyt) Gy, —sin(wyt) Gy, —sin(wyt) G, —cos(wyt) G, -G,
Stop 7 — G, G, — G,
Rotation 7 -G, cos (wyt) G, +sin(wyt) G, sin(wgt) Gy, — cos(wyt) G,
Stop 8 -G, —G, G,
Rotation 8 | —cos(wyt)G,, +sin(wet)G,, | —sin(wyt)G,, —cos(wyt)G,, G,,
Stop 9 G, G, Gy,
Rotation 9 cos (wyt) Gy, +sin(wyt) Gy, —sin(wyt) G, +cos(wyt) G, G,.
Stop 10 -G, —G, G,
Rotation 10 -G, —cos(wyt) G, +sin (wyt) G, sin (wyt) G, + cos (wyt) G,
Stop 11 -G, G, — G,
Rotation 11 —cos(uyt) G, —sin(wyt) G, —sin(wyt) G, +cos(wyt) G, -G,
Stop 12 G, —G, — G,
Rotation 12 G,, —cos(wyt) G, +sin (wyt) G, —sin(wyt) G, — cos(wyt) G,
Stop 13 G, G, Gy,
Rotation 13 Gy, cos (wyt) G, —sin(wyt) G, sin(wgt) Gy, + cos(wyt) G,
Stop 14 G, —G, — G,
Rotation 13 cos (wyt) Gy, +sin(wyt) Gy, sin(wet) G, — cos(wyt)G,, -G,
Stop 15 — G, G, — G,
Rotation 15 -G, cos (wyt) G, —sin(wyt) G, —sin(wyt) Gy, — cos(wyt) Gy,
Stop 16 -G, —G, G,
Rotation 16 | —cos(wgt)G,, —sin(wgt)G,, sin(wet) G, — cos(wyt)G,, G,,
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Hloloj 2z ool dlak oSN WA BUw u | sin(uwgt) Gsf,,wy + cos (wyt) Gsf,wy | 490

M 5. = -5 = =] -
b'c};;oi ezt Aol Thsds FHete Aoldt . e | cos(wyt)Gsf, wy +sin(wyt) Gsf, wy | 480
= ot. 5 -
st ek " n | sin(wgt)Gsf, wp, —cos(wyt) Gsf, wp ~

G (1) = Gsf.. xwp xu, (t) (14) u | Gsfwy, 495
G (1) = Gf, < <o, (1) A5 | ot [ 25
e — cos(wyt) Gsf,, wy + sin(wyt)Gs £, wy |~

A4, 15 G, (1), G, )& FA FHE U | —sin(uwyt) Gsf,, wy — cos (wyt) Gs ., wy | 340
Aol A o] nlgd 2k Gsf,. o <3 TAH 3 e | Gsf, wp 570

s ‘ - - Rot.
if_‘é AU EA e nF Aol Z HlolojaE 9 1% n | cos(wyt)Gsf,, wy —sin(wyt)Gsf, wy |~
= u | sin(wgt) Gsf,,wp, + cos(wpt) Gs . wp 585

e | —cos(wpt)Gsf w,—si t)G:
Table 2. Gyro Scale Factor and Misalignment Rot. — ot — sinle )Gy | 15
Error of Rotational INS g | N | ~sinCwgt)Gsf, wp + cos(wpt) Gsfywg |~
u | Gsfw, 630

Seq. | axi isali fime -

q is| scale factor and misalignment error | ° ot e Gsf,  wp 660
N o | coslunt) Gsf, oy — sin(uwgt) Gsfy | 30 5 N cos (wpt) Gsf, wy —sin(wyt) Gsfwp |~

oL n | sin(wpt)Gsf, wg + cos (wpt) Gs f,.wp ~ u | —sin(wyt)Gsf,, wp — cos(wpt) Gsf,, wy o7

u | Gsf.wy 45 - e | cos(wyt)Gsf, wy +sin(wyt) Gsf, w, | 705

] e | Gsfwp . 16 n *Sin(th)Gsf“wR+cos(th)Gsfysz -

ot. -

5 n | cos (th)GstwR +sin(wpt) Gsf,, wy - u G5/, wp %0

u Sin(th)GsfwwR*cos(th)GsfwwR 90 _
o | —cosluog) G, .up +sin (wgt) G g | 120 3.32% 3™y BMEHEX| A 5|4

Rot. : )

5 | N | sinlwpt)Gsf, wy+ cos(wyt)Gsfywp |~ 32480 A T3 MY AAATHGA A AA

u | —Gsf, wy, 135 SRS o] &3t MY AAAIUGA A

e[ e | S AL BAS) Aekel eapasd 944

ol. 74

o | N | cos(wpt)Gsf,, wy+sin(wpt)Gsf, wy |~ L2 WAl 2. AolR wpolojxa AR

u *sin(th)GsfwwR+cos(th)Gsf”wR 180 A W o HYS gAgeRm A A
e | — sy ” of old iyt A A WAAE WA FEgth
Rot Table 1¢] 3|43 A3 2= o 3
g o | comlaont)Go7, o — i ) G|~ Eq]ab)\e/qu 3y A Fx ApolZ QA E
u | sin(wyt)Gsf wt)Gsf w. 1225 o el e spelm whelols 2
L Wp — . -
L s e — o8 (Wit G5/ wp 24 sine % cosine #<Fel o3 FrWIE o




928 HAT - frallAd - oA - & Fd - o] FEEIALZE T B S G
28 ARTo] ZA)67] Wi o] & 1# 3 3 S WP Ao]& uloJol~ QA cosine B
T fIANeA WA fErt Bastth ¢ sine FEWEE eF WHGF Ao]R npo]ojs
A 32deA 3 B AATHEA e A LAkl ofF fEeA #2490 4 (16), (18), (20)
o] & mpolojz 9kl A (1Dl ek A ex I Y AAJTHGA ek Aol2 Hpolof A @
A4S 98 eF Aol & wholoj s o &fel digk A A (D& A CD& ol&ske] A7 wEe)
AL WAL FEIT eF WHFSF Aol & wEeto] Wi A (22)9F o] o &}
Z wpolol s 93 gw, (1)l 9% = e 2 & wEkste] Aelstw A A THHA e=
& 5 4 (16)% 24l Aol whelof s 2akel et AmeAst A
(23)3} #Zo] F=duh
_ R _
0L, (¢) == 6w, (t)( sin(2¢) L(f(t—a)ult—a)) = e “F(s) (21)
1 :
] S’m(wgt)COS(QSln (L)t)) 5L(t) :L—l(éLu (S)G”, (S)) (22)
A A6 L HE, e ATIE T2 OL(t) = Gy, < (OL,, (£) 6L, (1) + Gy, 0L, (¢) - (23)
AR T =o'd FUIF 8dE 5
1E T e w TG SIS D g e w9l geel Aga9 959 9
2sin (L) = —F;j;. F7NH = L363*"1“ jg]{ A oA WA ARNA ARS 189
= 1] 1 o] 3L A=
7_”;"?“} A sine 94 ‘*“: fL €L (1), OL.(t), OL.()E AAsA Azew
= = 2= H 3l 2 =
j- 20 ! Lﬂin} e pan el S 4 (24)~(26)7 vk A (24)~©26)1 A FH F ol
- ]' T = O]’ (17)“’]' ‘:} '\':TEHX]I_ %H 6]_/\ ;\6]_1?_1_ —,—/‘].4 7]_1;],§]_E H
1 atol AErstaich 2 (24)~(26)0] vrERd whe} 2
6Ls(t):7101?&0(,(t)(m(cos((Zt)fcos(th))f O] }\]Z_]_'X]?j%_ D}Ha-]_/\oﬂ 94—(:5_1_ /\6‘1%0] ZEHE
1 A& eak A A AFAAR ] g E As
- A — —
20k =47 (cos (At) = cos (wpt)) (17) solat 2 90
1
———(cos(Bt) — cos (wpt ) n
2(ufy — B?) ! oL, (t) = 32 [6L, (t—i>360) — 6L, (t—30— i 360) —
i=0
A AN w,=0sin(L), A=w, +w, B= SL, (t—45—14x360) +4L, (t —120—ix 360) + (24)
. o § P SL, (t—135—14360) — L, (t —255—1<360) —
w,—welM wp > A, wp > B, wp > Q% 743 8L, (£ —270— > 360) + 8T, (t —345— i > 360))]
o] Aoetwl A (18)3 22 F24o] fFEdrh
oL, (t)

OL, (1) ==, (1) (——cos(21) = ——cos w, )eos (uyt)) (18)
R R

cosine =2 FTWHIHE =
o|2 wpoloja @zt 9
st 2 (199 2

0L, (t) == dw, (t) (5~ (2sin (£2¢) —

(- w2 )
szin(th))
(19)

2(A2 )(Asin(At)wasin(th))f

2(32 ) ————~ (Bsin(Bt) —wpsin (wyt))

2 ADANA wp > A, wp > B, wy > 22 7}

Aorel RS A4 Q03 2e o] fE

o},

SL (1) = 0w, ()(=-sin(028) — —sin(w.t)os(w ) (20)
c e ’LU?? 210?? s [SO5) f

= E (8L, (t —30—i%360) + L, (t —45—1i> 360)) —

(6L (t —120—ix360) +6L, (¢t —135—14>360)) + (25)

(8L, (t —255—i<60) — 6L, (t*270 ix360)) —
(8L, (t — 345 —1< 360) féL(,(t*3607i><360))]

oL, (t)

—2( O, (t—30—ix720) +4L, (t— 45— 720)) +

(6L (t—120—14>x720) — 6L, (t —135—ix<720)) —
(6L, (t—255—1ix720) — 6L, (¢t —270— 1> 720)) +

(8L, (t —345—i>720) — 0L, (t—360—i < 720)) +  (26)

(8L, (t —390—14 < 720) — 4L, (t —405— 1> 720)) —

(8L, (t —380—14 < 720) — 4L, (t —395—1>720)) +

(8L, (t —615—14><720) — 4L, (t —630— 1> 720)) —

(6L, (t =705 —1i>720) — 0L, (t —720— i< 720))]

4 (16), (2009 oL, (t), 6L () W sw,(t) =G,,
ol 2 (18)9] 4L, ()M duw,(t) =G, lH
olg nste] XAl U AFLE LA
2 SL(t), OL,(t)e] N Zo] SL,(t)el w|iLsto]



FellolA Aoz 7|uk 2% Y AYIWAA - 929

9046 4% 5 11 9% 2018, 1L
FAE ARR 27 g FAGYE 9= 9
z2b Alatell & ggko]l glrh. o33 APEE F<Ql
3 o Y AGFPLA e Ao]Z ufoloj
L= FAFIANA A= 2 Ze] FFo] AL
ol FTHHETH olHd AESE wgozm 4

(25), (26)2] oL, (1), oL, (1S AEFL A (24)]

3
OL(t) = G, 3L, (t) 27

us

A 2N ASHA

Faje] frmwh

FESE A 97 2L

B = G, (5 (sin(@)e,, (1) — cos(2)s,, (1))~

ue ue
1

(sin (w,t)cos (wt )ec, , (¢) +

(28)
sin (w,t)sin (wt)es,, (£) —
cos (w,t)cos (wyt)sc,, (t) —

un

cos (w,t)sin (wt)ss,, ()

2 (28) A AlFE FACR Asd 4
(29)~(34)¢} #Za 2 (28)¢
21 (29)~(34)¢] Aol o] &
2 (29~BD Y ATe ¢ Tk w
i, AT3d #2 &y F71E 7}

A T Fom FAo] o] FolA 9l
F I EA W
e
Bl

s
= A% ghol o} Azl
AsRo] e gho] & AgdE AR Foo
a4

A 7FAZPAY A (29)~(B4)7F HATF HEE 3

O
o N
- \l
¥
i M
[o
2,

5 o
(g -
N
olr ot
_O‘L
o

T

o

¥

il

i

4 (29~B4HE 2A H F7] i
ER A edar Azke) ok
ol st A HATL A
(29)~BHE T Ao Al AA A"
e I e i R FrimsoloF g
o 2y A dAz AFEE7] diEel 4
(29)~(B4)E Alzte] = yEhAl H A

e A

5,,(t)= E [sin (£2(i < 360)) — sin (£2(30 +1*360)) —
i=0
sin (£2(45+i % 360)) + sin (2(120+4x 360)) + (29)
sin (£2(135+14360)) — sin (2(255 4> 360)) —
sin (£2(270+4 < 360)) + sin (£2(345 +7 % 360))]

e, (t)= Z [cos (£2(i<360)) — cos (£2(30+i*360)) —
s (2045 +360)) + 005 (£2(120 + i 360)) + (30)
c0s (2(135+3><360)) — cos (£2(255 +i < 360)) —
05 (£2(270 +i<360)) + cos (£2(345 +i < 360))]

n

cC,n (t)= Z

(cos (w, (i360)) X cos (w, (i X 360))) —

(cos (w, (30+1i360)) x cos (w, (30+ix360))) —
(cos (w, (45+i360)) X cos (w; (45 +<360))) +
(cos (w, (1204 x360)) < cos (w, (120+i360))) +
(cos (w, (135 +ix360)) x cos (w, (135 +i < 360))) —
(cos (w, (255 +i > 360)) X cos (w, (255 +i < 360))) —
(cos (w, (270+i>360)) > cos (w, 270+ 360))) +
(cos (w, (345+i>360)) > cos (w, (345 +i360)))

(31)

n

es,, )=,

(cos (w, (>360)) < sin (wf (1x360))) —

(cos (w, (30+i>360)) x sin (w, (30 +ix360))) —
(cos (w, (45+><360)) > sin (w, (45 +ix360))) +
(cos (w, (120+4360)) > sin (w, (120+i360))) +
(cos (w, (135 +i>360)) x sin (w, (135 +i < 360))) —
(cos (w, (255 +i > 360)) x sin (w (255 +i < 360))) —
(cos (w, (270+i>360)) > sin (w, 270+ 360))) +
(cos (w, (345+i>360)) < sin (w, (345 +360)))

se,, )=

(sin (w, (i360)) X cos (w, (i X 360))) —

(sin (w, (30+4>360)) x cos (w, (30 +i360))) —
(sin (w, (45+4><360)) < cos (w, (45 +i<360))) +
(sin (w, (120+ix360)) x cos (w, (120 +i < 360))) +
(sin (w, (13544 x360)) < cos (w, (135 +i360))) —
(sin (w, (255 +i>360)) x cos (w (255 +i > 360))) —
(sin (w, (270 +4x360)) < cos (w, (270+i360))) +
(sin (w, (345 +i>360)) x cos (w, (345 +i > 360)))

(32)

(33)

n

SSun (t)= Z

(sin (w, (i x360)) x sin (w (i < 360))) —

(sin (w, (30+4><360)) > sin (w, (30 +ix360))) —
(sin (w, (4544 360)) x sin (w, (45+i>360))) +
(sin (w, (120+i>360)) < sin (w, (120+i > 360))) +
(sin (w, (135+i>360)) > sin (w, 135+ 360))) —
(sin (w, (255+4>360)) > sin (w, (255 +i > 360))) —
(sin (w, (270+4x360)) > sin (w, (270+i360))) +
(sin (w, (345+i>360)) > sin (w, 345+ 360)))

(34)

AFAAE G2 BHAPEIA F AR
dholoj s oatel] og fI® oA AL )
k. elu Aoz helol s 93k glo] Hx
A% 2 WAE 047k EAFY Aol= wpolo]
ssbe sl FATRNAT QA EA e
54% walth 2o 32404 7% e 2
of HEAF % WAY e HA FIrelA



930 AT - el - o)A - 2FE - oA B TR GRS
gt A A G EFAE f8te] nF AolE 2] (37) (BYelA & freex F4& vl
upojo 2 @3k bw, (t)oll odk AL WA s 2 (39)9] FFo] AT IHAAEE B &
o] fx7} Al Table 29 HmA¢ 9 1 ‘l‘7]7]' wal A A BN HlaLste] FAE A=
48 oo o3 WAHE Aol o} e B 7] wite] s ATINA cosinedt A=
B dgAd AR sine 2 cosine d5ol 98 0 SAMIES fIX A IS MAA Fgol F
Fuway FoASs 2 uAE oz ARuo]  WEU olyd AyE wrdse 2 3N A
A7) WEel ool M AAeH WAL P BATUIA L 0 Gof.ol s 2
FEIh 0% WEFSE AR vlelolx o AHE nF Aol vlololx oA G, (Nl W
dw, ()] elF S b FAL AU A G5 4 (15 47 dFes wasd] FF F 4
st 24l 40)3 ol o wEepx Waste] Halstd A
4D 22 % o3k 2o fFx=dn. A (41)
oL, (t) == sin(L)w, (- (1 c0s(£2t)) . o] A4E oxad A 42)¢ )
1 o
T “"W)S”l(”Sl“(L)t” 5L = 16T, ()G, (5)) (40)
sine 2 HRFWHIHE nF AolE uio]of SL(t) = dw, (¢) < oL, (t) (41)
gl o@ A% oA £4L Taw 4 (36)
o T 21 (42) A e oL (¢) Hell walAe &9 &
W G ogRe 40 dusE ek At
8L, (1) = dw, (1) (S (4 in (26) — Qsin (wpt)) —
(wh — () n
6[/55(t)22
2A(w2 —4?) (wpsin(4¢) = Asin (wpt) + (36) [(oL, (tf§0711x720)+5L (t—45—1ix720)) +
(6L, (t—120—14>x720) + 6L, (t —135—i<720)) —
m(%sm(&) Bsin (wpt))) (6L, (t —255—i>720) + 0L, (t — 270 — i 720)) — 42

21 (36)NA wp > A, wp> B, wp > 2, w, >
weet 7hg skl Aelstd 4 (36)°] F=ETh

sin (L)

Wr

0L, (t) =—éw, (t)(=———sin(2t) — (37)

L oos (w,t)sin (w;t))

Wg
cosine 2 HTWHEAH = nF Ao]E Hlo]
oz gol % fm o FA2 Fad A
(38)3 2t
S1,(6) =— s, (t)(%(ms(()t)*ws(wﬂ))*
(wz Az) —5——5(cos (At) — cos (wyt ) + (38)
(wz )(oos(Bt) cos (wgt)))
2 (33 wy > A, wy > B, wy > 28 7}
Aot FstHl A (39)0] =Tt

Nsin(L)

R

L, (1) == dw, (¢)( (cos(£2t) — cos (wpt)) —

(39)

%sm(%t)sin“ 2sin(L)t))

(6L, (t—345—1x720) +8L, (t — 360 — i< 720)) +
(6L, (t—390—14x720) +8L, (t —405— > 720)) +
(6L, (t —480—14x720) +8L, (t —495— i< 720)) —
(5L, (t—615—ix720) +6L, (t — 630 — i< 720)) —
(oL, (¢ —705—ix720) + 6L, (t — 720— i< 720))

2 (3719 SL,(t) oA 6w, (t)

% Wt 4 UDE A
o Aol ok,

:GS_](:L,ZXU)RO]Eq
FrEskd A (43)

e

OL(t)

=—Gsf,. (sin(L)(sin (2t )c,, (t) —cos(£2t)s,,, (t)) —

cos(w,)sin (wyt e, (1) + cos (o (wyt e, , (¢) —(43)

un

sin (w, t)sm(w t)sc,, (t) +sin(w, t)cos(w t)ssu" ()

un

4 4 AsE A fFEste] Astu

A (44)-(46)3h 2al 4 (34l smeate] A7)
= A (44)~46)9 Aol o8 AA gl FAuH
ok A (44)~46)9] ATe A (29~(34) ¢ sLt
A 9 ek weA ATsd 9 o=
g F71E A e Ads f‘&#ﬂ o &

=
A
ARy

Aol M 30Y B4

X F7] B

& ok Aze gol AAH 4 (29~34)
s FUSA A U)~U6)S FATE FEM A
A 9 ol Hob HFHol fAHE 2
$ 4% s A ghol ot Aol st
Hol 94 grol = A9 4A ol AP
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fi
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=
[S%)
A
toby
[
ofl
i
oXx,
o
i)
ol
N
o)
o8]
—

of o &=
(44)~(46)0] 2 #;*E S =

AARA A g ol o

A BdE A AR 4 3 =5
A TEAZMAG A (44)~(46)°] HATF HE=
AF7IE AAshd JHE BAdIUAA ] A
sol MAES &<l Jhedtth A (d3)elAM F=
HA e ce,,(t), cs,,(t), sc,,(t) 2 (44)
A T AEs e wE W olFdlE FAG
of & & Stk A& EW cc,, ()9 B¢ A
(44)°l Ad3 I WS BT cosinel®

cs,, (1) 79 cosine, sine 5= WAHIE

a7},

2l (4)~(46) = A (29)~(3D

=
[e)
A W9t AEY] wEel 4

(46)= Aztel = YeErl )l

n

88, (t) = Z

(sin (w, (3044>720)) < sin (w, (30 +i > 720))) +

(sin (w, (45+3>720)) < sin (w, (45 +i > 720))) +

(sin (w, (120+i720)) > sin (w, (120 +4 < 720))) +
(sin (w, (135 +ix720)) xsin (w; (135 +i < 720))) —
(sin (w, (255 +ix720)) X sin (w (255 +i < 720))) —
(sin (w, (270 +ix720)) X sin (w; (270 +i < 720))) —
(sin (w, (3454 720)) x sin (w, (345 +i % 720))) -
(sin (w, (360 4> 720)) X sin (w, (360+3 > 720))) +
(sin (w, (390 4> 720)) X sin (w, (390 +3 > 720))) +
(sin (w, (405 +i720)) > sin (w, (405 +i < 720))) +
(sin (w, (480 +>720)) > sin (w, (480 +i720))) +
(sin (w, (495 +ix720)) x sin (w (495 +i < 720))) —
(sin (w, (615 +ix720)) xsin (w, (615 +i < 720))) —
(sin (w, (630 +>720)) > sin (w, (630 +i>720))) —
(sin (w, (705+i>720)) > sin (w, 705+ 720))) —
(sin (w, (720 +i>720)) x sin (w, (720 +i > 720)))

n

Sun (t)= Z

(sin (£2(3044>720)) +sin (£2(45 -+ < 720))) +

(sin (£2(120+ix720)) + sin (£2(13541i<720))) —
(sin (£2(255+7>%720)) + sin (£2(270+i<720))) —
(sin (£2(345+14x720)) + sin (£2(360+i < 720))) +
(sin (£2(390+i>720)) + sin (£2(405+i<720))) +
(sin (£2(480+i720)) + sin (£2(495 41 < 720))) —
(sin (£2(615+7>x720)) + sin (£2(630+i<720))) —
(sin (2(705+i720)) + sin (£2(72041 < 720)))

Cll.f’ (t) = Z

(cos (£2(30+i<720)) + cos (£2(45 4+ 720))) —
(cos (22(120+4x720)) + c0s (£2(135+7x720))) +
(cos (£2(255+i<720)) + cos (£2(270417<720))) —
(cos (£2(345+i720)) + cos (£2(360+ < 720))) —
(cos (£2(390+4x720)) + cos (£2(405+7 < 720))) +
(cos (£2(480+i<720)) + cos (£2(495 41 < 720))) —
(cos (22(615+4x720)) + cos (£2(630+7 < 720)) ) +
(cos (£2(705+i<720)) + cos (£2(720+13 < 720)))

Eds

(44)~

(44)

(45)

(46)
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