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Abstract - Inerti
water, ground and

specific navigation applications. Initial alignment requirement
is related to the transformation of the sensors’ output into best
estimate of attitude, velocity, and position of a vehicle with
respect to the reference trajectory [1].

Inertial navigation systems are entirely autonomous systems.
They can align themselves by using the measurements of the
local gravity and earth rate information on desired elevation
and latitude. On the given surface of earth, the local gravity is
always downward towards the center of the earth and
alignment process can be carried out through DCM from
navigation frame to body frame [5].

This paper is consisted of six sections. Section I is about
introduction of initial alignment. Section II is about the skewed
configuration of sensors and formation of DCM. Section III is
consisted of derivations for elevation and roll by using
ase information of local gravity and earth rates and DCM. Section
IV comprises the two systematic methods called Method 2 and
Method 3 for determination of the direction of cosine matrix.
Section V is about the assortment of inertial sensors in terms of
inifjal alignment with assumed biases and drifts. In the last
on VI, conclusion is presented.

method uses the information of measured gravi
NED frame and direction cosine matrix (DCM
derivations for elevation and roll are presented.
results of initial alignment are produced from the experi

and simulated data of SINS on stationary state. In the sct@
two more systematic methods called Method 2 and Methed 3 are
used for SINS initial alignment. In these both methods, in€f
accelerometers and gyros are used to work out for SINS i
alignment by using body and local level NED frames. Since 8
stationary condition, inertial navigation systems are entirely self-
reliant and can align themselves by using measurements of the
local gravity and earth rates in body and navigation frames. From
both methods, DCM is analytically computed which relates the
body frame to the navigation frame.

The techniques of SINS alignment on stationary condition have
great privileges over the SINS on the rotating disc. The size,
heating, computational time and zeroing of rotating disc of SINS
are great dilemma and their consequences are usually reflected in  another 7, 071 is u
navigation results. These Initial alignments, on stationary
condition, provide the solution of many questions. These
techniques also provide solution and capability of selecting various
grades of gyros and accelerometers to be used for required
application. The experimental and simulation results have been .
presented in the form of numerical tables at the end of each 0 g1V€ measured par:
section which are sufficient to show the comparative analysis and  vector form.

validity of methods.

II. SKEWED CONFIGURATION OF SENSORS

b configuration of inertial sensors in SINS is used
sed_operating range & fault detection. Sensors to
ipaty transformations are represented by two

formation. First matrix 7, é'," is used for
ion from gyro measurement axes to IMU frame and

transformation from accelerometers

Index Terms: Alignment, DCM, SINS, earth rate, gravity, NED o = Ts w )

I. INTRODUCTION Ab:TSb 45 ()

Inertial navigation systems are generally used for ground, air

and space vehicles to provide the navigation parameters such ~ Where s indicates sensor axis and b défiotes IMU frame.

as position, velocity and attitude information. From one of

these navigation parameters, initial attitude, called initial In a strap down system, initial alignment process consists of

alignment, plays a vital role for carrying out the navigation for  getermining the transformation matrix €2 which relates the
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computational navigation frame to the IMU or body frame [6].
The attitude matrix which transforms navigation frame to body
frame is given by the following relation.

Xn¥nZy ¢ v XpYpZp 3)

cos6 sinyy 0] 1 0 0
C,Q: 0 1 Wy cosy 0|0 cos¢g sing [(4)
sin@ 0 0 1[0 —sing cos¢
—sinf
singcosO |(5)
cos¢cosd
III. METHOD1: DERIVA EVATION AND
RoL
In order to find the elevatio ro\l ‘Rngles, only
accelerometers signals are required which shen to be
transformed from sensors frame to On the
stationary state of the SINS, local gfavity ixed by
accelerometers, is used to compute elevation roll{]).
1P=che”
b
Jx cos@cosy cosOsiny sin| 0)

le,’ singsinfcosy—cosgsiny  singsin@siny+cosgcosy  sindeosO || 0

fb cosgsinf@cosysingsiny  cosgsin@siny—singsinyd  cos@cosd
z

(7
Where f bisa gravity measurement vector in body frame and
¥ ,6 and ¢ are yaw, elevation and roll respectively making

body attitude angles with respect to local navigation frame.
After simplification, relation (7) can be written as,

fx gsinf
fy |7 —gsingcos® (8)
/- | L=&gcos ¢cosf
Where
fy=gsin0 )
fy=—gsingcosf (10)
fz=—gcosgcosO (11)
First computing for elevation from equation (9)
0=sin"L( i/ g) (12)

With the substitution of numerically computed elevation from
(12) into equation (10), roll ¢ can be calculated from the sine

inverse function,

Ty
¢=sin { gcos@j

In the above relations g can be considered as a normalized
value and it can be calculated as,

(13)

oz
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The roll ¢ can also be obtained from tangent inverse function
by division of respective sides of (10) and (11) equations, i.e.

b
(D:tan_l[fJ];]
z

The elevation can also be found from tangent inverse function,
which is obtained from equations (9), (10) and (11). By
squaring both sides of (10) and (11) equations

(14)

(15)

f)gzgzsinzq’)cosz@ (16)

(17)

By adding their respective sides &substituting sin? ¢+cosz o=l

gcosO:,'fJ%+f22 (18)

Now dividing the respective sides of equation (9) and (18),

fZZ:g2 cos2 ¢c052 0

1 Sx

Trigonometric inverse functions from equations 12, 13, 15 and
19 are shown in Table 1.

O=tan~

(19)

TABLE 1
El ROLL
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fp+f?
V),
The experimental accelerometers data of SINS as shown in the

following Fig 1 (f)/\
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Fig.1 (a) Accelerometers data at certain elevated position
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TABLE 2

METHOD 1: EXPERIMENTAL RESULTS FOR ELEVATION A
First Method

El(deg) Roll(deg)

68.055 0.015809

Table 3 shows the simulated result of initial alignmen
different grades of sensors by using trigonometric functiong
Table 1.

TABLE 3
METHOD1: SIMULATED RESULTS FOR ELEVATION AND ROLL
EL (deg) Roll (deg)
68 0
68.0758 0
68.0765 -0.0002
68.1501 -0.0213
68.2243 -0.0424
68.2983 -0.0634
68.3720 -0.0842
68.4455 -0.1049

IV. DIRECTION COSINE MATRIX

Directions Cosine Matrix can be computed form the
combination of the gravity and earth rate vectors in body and
navigation frame respectively. The local gravity and earth rate
vectors can be sensed by accelerometers and gyros respectively
and can be transformed through DCM in navigation frame [3].

A. METHOD 2

To computer DCM, the navigation axes are supposed to be
aligned with NED frame. The local gravity and earth rate can
be expressed in the navigation frame as [3],
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0

g5 0 (20)
—&
Wje COSQ

o< 0 1)
—Wje Sing

Where g and wj, represent magnitude of gravity and earth rate
respectively. ¢ is local geographical latitude.

T Qcosp

Cirele af Latitide

Equatornal plane

Fig (2) Local level Navigation Frame

As we know that, body and navigation frames are related
through DCM.

rh=che” (22)

b b
o =C, a)l.z (23)
(24)

b_ ]l;(gnan)

bining above three relations (22), (23) and (24) then,

g
g (25)
g xa)i’;)
. . v
pA orthogonal matrix .Therefore, (C ) :( n)
_ ( v
¢
n n r
Cp= (“’ie) (26)
n n r
)
In equation (26),
0
g%l = —gwje cosp (27)
0
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r r 7! The results, obtained from accelerometers and gyros of SINS,
( g" ) at certain elevation and latitude, are shown in Table 4 by using
. 0 0 -g -1 equation 34. It should be noted that azimuth is usually found by
( wl_ré ) B — 0 —wjpsing (28) optical means therefore it is not discussed here.
T 0. ~8Wecosyp 0 TABLE 4
(g}’l Xa)il/é ) ELEVATION AND ROLL
L 3 EL (deg) ROLL (deg)
_ _ ~ 68 0
( ,,)T 68.0 0
8 67.9999 0.0001
T 68.0011 -0.0011
(a).” ) (29) 68.0146 -0.0146
te 68.1524 -0.1523
T 68.3066 -0.3062
( g" xa)l.’Z) 68.4621 -0.4611
i | i 68.6172 0.6154
It should be remembered thatfon the ary condition of 68.7734 -0.7706
SINS, accelerometers measure (onf vity effect in body
frame on certain elevation and latt ; B. METHOD 3
b b b b T 0 In third method, elements of second and third rows can be re-
! _[_ax —ay Tz } (30) arranged from gravity and earth rate vectors in both body and

On the stationary condition of SINS, gyrds®ense theZearth rate navigation frames; such as,
in body frame on certain elevation and latitude

T
b_| b b b
@ _[wiex wiey iez}

n n
Then updating equation (26), from the (29), (30) and 8 Wi (35)
Xg (gnxwlne )Xgn

“mg 1

g Aets¢ ~ el _aZ theixlation (35), accelerometers measure gravity effect and

A=l o 0 -1 s€nse only the earth rate on the desired elevation and
b 80 COSP %aiﬂ axa:f; aya:—%lxay e earth in body frame [3].
j 0 0 - 4

a5 (@ecosp) + (Fsin(g)/(geos(@) wl/(@xecon(@) + (1] sin) (geos(p) (36)
a1l (eaeesp) {(2ef, -1 (eapocos() < fb
frg ./f/g
b s\ b\
@3, /(@i cos()) + (/7 sin(9)) /(g cos(¢)) Therefore (C ) =(Cn)
(ool - fhof) (gwiecos(p) | (33)
1hg
1 T (37)
As C,[; is an orthogonal matrix. Therefore (Cb) = (c,’;)
(b 1] ch23)
6=sin (Cn(l,3)) ¢ = tan b | (9
; Cp(3.3)
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V. ALIGNMENT ERRORS DUE TO BIASES AND DRIFTS

In this section, initial error analysis of SINS alignment is

x“fg '/ébﬂf;)presented. It is always cumbersome to select the inertial

ensors with precised alignment. This paper presents the
olution of choice of different grades of inertial sensors for
esired initial alignment of SINS [2, 3]. Two methods from
ection IV are exploited for determining the DCM to calculate
levation and roll for different grades of the sensors as shown

(38) in Tables 6, 7 and 8. In this section analysis is based on
simulations with zero drifts in Table 6 and zero biases in Table
After simplification (3 7 and assumed drifts and biases in Table 8. The results seem
‘(fyb(ff("iye f)l/)a’;é ) Dt ) (g2 w;, cos(lat)) to' be more rehab'le and provide self-assured results. for 1r1'1t1al
" b 2 alignment. Inertial sensors for preference with given
Cp = (fy @ -1 specifications may be analysed on the base of these methods.
TABLE 6
ANALYSIS WITH ZERO DRIFTS
drifts(deg/hour) biases (m/sec2) El(deg) Roll(deg)
0 0 65 0
boebV _bxy _ (borb oz by 0 le-5 64.9992 0.0014
(fx (Ixws, -fy,) -1z (fyw, - fza;,) X)) eog : :
XWX e Y ;‘3 ‘ , yiie Iz 0 le-dg 64.9924 0.0136
-(fx wize -1y a’,');)/(ga’ie cos(@) 0 Img 64.9238 0.1353
0 2mg 64.8473 0.2699
f)lg /g Q 0 3mg 64.7707 0.4038
0 4mg 64.6939 0.5372
b, b b b, b b 2
(SR, - L) + 1y (fyor, - 1P ) (g wje &syfat 0 smg 64.6169 0.6699
by b x ) TABLE 7
(JY 0 -1y @) (g@ie cos(9)) (39 ) ANALYSIS WITH ZERO BIASIS
b/ ifts (deg/hour) biases(m/sec?) EL(deg) ROLL (deg)
fz/¢g
0 0 65 0
1 T 7 4 003 0 65.0000 0.0000
: b b
Since due to orthogonal property, (C ) :( n) , Therefore, £~ 05 0 65.0000 0.0000
.0Z 0 65.0000 0.0000
= _—0.09\ 0 65.0000 0.0000
: 0 65.0000 0.0000
o (b o1
O=sin 1(63(1,3)), g=tan”! Ca(23) (40) N 02 0 65.0000 0.0000
Cf’,(3,3) [ 9 \ 0 65.0000 0.0000
) ) ) TABLE 8
The experlmental and simulation results from accelerometers ANALYSIS WITH ASSUMED DRIFTS AND BIASES
and gyros data are given in Table 4 and Table 5 by using Table drifts (deg/hour) _bigses(m/sec?) EL(deg) ROLL(deg)
1 and equation 40 respectively. 0 yd 0 65 0
003 | le¥sg 64.9992 0.0014
TABLE 5 0.05 \ N &le g 64.9924 0.0136
EXPERIMENTAL RESULTS FOR ELEVATION AND ROLL 0.07 \ — 64.9238 0.1353
0.09 /2mg "\ 64.8473 0.2699
Second Method Third Method 0.1 ( m \ 64.7707 0.4038
0.2 mg /' )| 64.6939 0.5372
El(deg) Roll(deg) | El(deg) | Roll(deg) 03 \5 / 64.6160 0.6699
68.057 | 0.11443 | 68.059 | 0.11443 ' LI '
drifts (deg/hour) | biases(misecd) EL (deg) ROLL (deg) V1. € IgN
0 0 68 0 Three useful generic methods of initial alfgngent for SINS are
0.03 le-5g 68.0 0 . . - L .
presented in this paper. These methodd gifethe comparative
0.05 le-4g 68.0011 -0.0011 . . .
0.07 Img 680146 20.0146 analys.ls of SINS initial alignmen Fr. 2 hirst method,
0.09 2mg 68.1524 20.1523 elevation and gamma formulae are derived. In this method
0.1 3mg 68.3066 -0.3062 elevation and roll are computed by using only accelerometers
0.2 4mg 68.4621 -0.4611 data as shown in Fig 1 (a). The experimental and simulations
0.3 smg 68.6172 -0.6154 results for various grades of inertial sensors are shown in the
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Table 3. This table shows the satisfactory accurate initial
alignment for elevation and roll of SINS by using only
accelerometers data. These results are also compared with the
experimental and simulation results of initial alignment for
elevation and roll from method 3 and method 4 of section IV.
In this method DCMAs computed with two different methods
by using the info Rf gravity and earth rates in both body

methods seems al except their first row elements.
These methods in design of ground coarse
alignment process Y irdpdown inertial navigation systems.
gsults for various grades of
inertial sensors are shd T 4 and 5. In section V
assortment for different

drifts. The results show that statfonaf§ acyuryte alignment can
driftg_#nd biases. These
methods have great privileges ove
rotating disc. The fixed alignment methods
heating and computing and provide ths
alignment.

of Initial
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