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Abstract: The performance of a strapdown inertial navigation
system (SINS) largely depends on the accuracy and rapidness of
the initial alignment. A novel anti-interference self-alignment
algorithm by attitude optimization estimation for SINS on a rock-
ing base is presented in this paper. The algorithm transforms the
initial alignment into the initial attitude determination problem by
using infinite vector observations to remove the angular motions,
the SINS alignment is heuristically established as an optimiza-
tion problem of finding the minimum eigenvector. In order to fur-
ther improve the alignment precision, an adaptive recursive
weighted least squares (ARWLS) curve fitting algorithm is used
to fit the translational motion interference-contaminated refe-
rence vectors according to their time domain characteristics.
Simulation studies and experimental results favorably demon-
strate its rapidness, accuracy and robustness.
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1. Introduction

Strapdown inertial navigation system (SINS) is a self-
contained system of providing measurements by gyro-
scopes and accelerometers to track the position and orien-
tation of an object relative to a known starting point, ori-
entation, and velocity [1,2]. Therefore, it necessitates an
alignment stage to determine the initial conditions prior
to navigation operation [3], the precise initial alignment
for SINS is very important, especially for the high preci-
sion SINS, because the performance of the SINS is
largely decided by the accuracy and rapidness of the
alignment process. The traditional initial alignment often
includes two stages: coarse alignment and fine alignment
[4—6]. The conventional coarse alignment methods gene-
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rally use two feature vectors of the earth: the acceleration
of gravity g and the angular rate of the earth’s rotation
w;., and it asks for the base in a static case [7,8]. How-
ever, in many cases, the process of the alignment is
affected by various interference factors of the base, such
as engine vibration, crew motion, and strong flurry, etc.
Because the intensity of the interference signal is obvi-
ously larger than w,, the earth rate that is indispensable
for the coarse alignment cannot be separated from the
gyroscopes outputs.

In order to solve the problem of initial alignment on a
rocking base, many scholars have done a lot of research. El-
Sheimy et al. [9] presented using pre-filtering technology
in which the gyro and accelerometer data were first pro-
cessed by a low-pass filter to reduce the disturbance and
noise in the data. Considering the projection of the gravi-
ty in the inertial frame defines a cone whose main axis is
the rotational axis of the earth, a series of methods using
the inertial frame as a transitional coordinate to realize
the initial alignment are investigated [10—13]. All these
methods are based on decomposition of the attitude
matrix into separate earth motion, inertial rate, and align-
ment. On this basis, the SINS alignment can be trans-
formed into a problem of determining the initial attitude
at the beginning of alignment that is right a constant
quantity, and James [14] proposed using triaxial attitude
determination (TRIAD) algorithm which determines the
attitude by first discarding part of the measurements so
that a solution exists. Because the algorithm is very sim-
ple, it has become the most popular method for determin-
ing three-axis attitude. The greatest drawback of the
TRIAD algorithm is that it can only accommodate two
observations [15]. Bar-itzhack et al. [16] proved the atti-
tude matrix calculated by TRIAD algorithm was not opti-
mal and presented an optimized TRIAD algorithm, but it
also only use two observations, some accuracy is lost
because part of the measurement is discarded. In 1965,
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Wahba [17] proposed an optimized algorithm, which
computed a best estimate of the spacecraft attitude based
on a loss function which took into account all measure-
ments. Based on this, Shuster et al. [18] put forward a
quaternion estimator (QUEST) algorithm, which main-
tained all the computational merits of a fast deterministic
algorithm while yielding an optimal result.

This paper is dedicated to a novel anti-interference self-
alignment algorithm by attitude optimization estimation
for SINS on a rocking base. It is an enlightened product
by the optimization-based alignment [2,12,19-22], in
which the SINS alignment is heuristically established as
an optimization problem of finding the minimum eigen-
vector. It uses attitude update of inertial coordinate to
reflect the gesture changes of the carrier under real-time
shaking interference and transforms the initial attitude
determination problem into the Wahba problem [17] by
using infinite vector observations to remove the angular
motions interrupting. In order to further improve the
alignment precision, a least square (LS) curve fitting
algorithm is used to fit translational motion interference-
contaminated reference vectors according to their time
domain characteristics, and then the reference vectors are
used to compute the Wahba problem, thus realizes high
precision self-alignment quickly even in the presence of
angular and translational motion interference.

The remainder of this paper is organized as follows.
Section 2 introduces the fundamental principles and
drawbacks of the self-alignment by attitude optimization
estimation (SAAOE). In Section 3, the anti-interference
SAAOE (AISAAOE) is given including using the adap-
tive recursive weighted least squares (ARWLS) curve fit-
ting algorithm to remove the translational motion interfe-
rence. In Section 4, simulation example and experiment
test are preformed on a swaying base. Conclusions are
made in Section 5.

2. SAAOE

In order to better understand SINS initial alignment, it is
necessary to explain the navigation coordinate system,
the coordinate frames used for the SINS initial alignment
are defined as follows.

(1) e frame: the earth’s core is the origin, x, axis points
to the intersection of the prime meridian and the equator.
z, axis goes upward along earth polar axis. x,, y,, and z,
form a righe-hand coordinate frame. The earth centered
earth fixed coordinate frame moves with the earth in
angular rate w, which is the self-rotational angular rate
of the earth.

(i) i frame: at the starting time for the initial align-
ment, the earth centered earth fixed coordinate frame
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coincides with the earth centered inertial coordinate
frame and is fixed in the inertial space.

(iii) » frame: the origin is the centroid of the carrier. z,
axis goes upward along the local geodetic vertical, y, axis
north (and horizontal) with x, axis east (and horizontal).

(iv) b frame: the origin is the centroid of the carrier. x,
axis shifts rightward along the carrier’s transverse axis, y,
forward along the longitudinal axis, z, upward along the
vertical axis.

2.1 Fundamental principles

According to the relations between the coordinate system,
at any given moment, the attitude direction cosine matrix
(DCM) can be decomposed into three parts, that is

C,(1) = €5, C0)Cy) (1
where n(0) and b(0) denote the inertial nonrotating frame,
which are formed by fixing the » frame and b frame at the
start-up in the inertial space, respectively. C'; and Cj;,)
describe the attitude changes of the navigation frame and
the body frame during the time interval [0, 7] and can be
determined by

~n0) _ m(0)  n
Cn(t) = Cn(t) w;, %, (2)
~b(0) _ b(0) b
Cb(t) = Cb(t) Wy, X, (3)

[I3V2 1)
X

where represents skew-symmetric matrix, w}, =
o} + o), with w} denoting the earth rotation rate with
respect to the i frame and !, is the angular rate of the n
frame with respect to the e frame, expressed in the n
frame. w!, is angular rate of b frame with respect to the i
frame, expressed in the b frame and can be measured by
gyroscopes.

In addition, it can be easily observed that the initial
conditions for the differential equation in (2) and (3) are
both identity matrix. Therefore, C}y;’ and C,;, can be ea-
sily obtained based on some well-known attitude update
methods. In this respect, the initial alignment has been
transformed into determining the constant matrix C}(0)
based on the decomposition of (1).

The velocity update equation [23—24] is written in the

n frame as

Vi = f - QoL+ )X V" +g". 4)

en

Transpose the terms of (4), we have

=V + QL+ )X V" —g". %)

en en
Then we have

Co ' = Co (Vi + Q) + ), )X
Vi —g") = OO . (6)

That is
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a(r) = C,(0)B(1) @)
where

a(n) = Ch) (Vi + Qo+ wl, ) X Vi, — g"), ®)

B =Cf", ©)

where g" is the gravity vector in the n frame and f*
denotes the specific force measured by accelerometers in
the b frame. V!, is the velocity relative to the earth.

Quaternion is a simpler parameterization of rotation
than attitude matrix [2,19,25]. Next we turn to use a four-
element unit quaternion g=[ s 7' |7, where s is the
scalar part and " is the vector part, to encode the initial
body attitude matrix C}(0). The relationship between
these two rotation parameters [19] is

Ci(0) = (s —g'pI+2qm" ~25(p)  (10)

where (;x) denotes the skew-symmetric matrix of 7.
Thus, (7) can be rewritten as

a'(n=qepf1eq an

where @’(r) and f'(t) are the quaternion descriptions
of vectors a(r) and pP(f) respectively, and a’'(¢) =

T T .

[ 0 a"(r ] , B’(t):[ 0 B ] . Superscript  (+)"
denotes the conjugate quaternion operator and ® denotes
quaternion multiplication defined as

— 52 — ’ S
q1®qz—M(q.)[ - }—M(‘Iz)[ - } (12)

The two matrices, M(q;) and M’'(q,), are respectively
defined by

_| s -1y
M(q‘)_[ nl. ST+ (%) .
, | % -1,
M(q.) = [ sl - (:lzx)

Equation (11) is a quadratic equation in attitude quater-
nion, multiplying both sides from right by ¢ yields:

a(N®qg-qp(1)=0. (14)
According (12) and (13), the matrix form produces a
linear equation in ¢q as

[M(a' (1)) - M'(B'(1))]q = 0. (15)

Following the famous g-method algorithm for the opti-
mal attitude determination [15,17,26], we could pose the
alignment problem as a minimization procedure, i.e.,

min [/ ILM(@'(0)~ M'(8 (1) lqlF ds =
ming" || (M(@'(0)-M B O)]'IM(@ (0)-
M'(B'(r))ldrq = ming'Kq (16)
q

where
K= [ [M(@ (1)~ MBI [M@ (0)~ M (B 1)]dr

subject to

q'q=1 (17)
Therefore the alignment problem is equivalent to deter-
mining an unit quaternion that minimizes (16) and the
current attitude matrix is thus obtained by using (2), (3)
and the optimal quaternion. It can be proven that the opti-
mal quaternion is exactly the normalized eigenvector of K
belonging to the smallest eigenvalue [15]. A simple
explanation is provided below for easy reference.
Define the following Lagrangian function:

L(g,)=q"'Kqg-A(q'q-1) (18)
where A is a real scalar. To achieve minimum, must be
satisfied

dL/dg=0
. (19)
dL/dA=0
That is
Kq =g,
=t (20)
qg49-1=0

It indicates that the optimal quaternion must be an nor-
malized eigenvector and A is the corresponding eigen-
value of K. Substitute (20) into (18), we have

L(g, )= A. (21)

Therefore, the minimization will be achieved if only is
chosen to be the normalized eigenvector corresponding to
the smallest eigenvalue of K. The smallest eigenvalue is
unique because of the inherent property of the alignment
problem.

2.2 Drawbacks analysis

Through the analysis of the previous section, we have so
far assumed known ground velocity of the SINS and it is
unpractical in many cases. When the system only exists
angular interrupting and there is no translational motion
interference, the ground velocity is zero, i.e.,

V=0
{ 0 (22)
Substitute (22) into (4), we have
f=-g. (23)

At this point, B(f) can be calculated by (9) according to
the output of accelerometers and a(f) can be calculated
by

(1) = Cy) (~g"). (24)

However, when angular interrupting and translational
motion interference exist at the same time, that is
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[ =V

+Qu, +w, )XV, —g"#-g". (25

en

It is observed that translational motion cause the addi-
tional specific force output (V, + Q!+’ )xV"). In

en en
the actual process of alignment, V" and V”, are difficult
to be measured, we have to ignore them, so a(¢) is still
calculated by (24). But the calculation of B(f) contains
the output item of translational motion, this will lead to
alignment error which can not be ignored. For example,
what if [V’ | =0.lncos(nf) m/s, the maximum values in

terms w’ x V% and w”, x V? are about 2.35x10™°g and

en en

0.84 x 10~°g respectively, which are equivalent to the bias
of the high precision accelerometer. And the maximum
values in terms V” is about 10™'g, which is much larger
than the bias of the medium precision accelerometer, and
must not be ignored.

Therefore, on a rocking base, the SAAOE becomes in

principle invalid, it cannot eliminate the influence of
angular interrupting and translational motion interference
at the same time. Translational motion interference is one
of the important error sources for alignment, if we can
minimize its impact, the alignment accuracy is the high-
est.

3. AISAAOE

From the above analysis we can obtain that removing or
weakening translational motion on the influence of B() is
the key to improve the self-alignment accuracy. Below,
we analyze the characteristics of B(¢) from the view of
time domain.

A direct analysis for the time domain features of B(¢) is
difficult, this article through analysis () indirectly get
the time domain characteristics of 8(¢). According (2), we
have

cos(wi,t) —sin Lsin(w;.t) cos Lsin(w;.t)
CZ((?)) =| sinLsin(w;t) sin’Lcos(w;t) +cos?L  —sinLcos L{cos(w;.t) — 1] (26)
—cosLsin(w;t) —sinLcosL[cos(w;t)—1] cos?Lcos(w;t) + sin’L

where L is the latitude. Substituting (26) into (24) yields

a()=C,p)(-g") =

0 gcos Lsin(w;,t)
C.'| 0 |=| —gsinLcosLlcos(wt)—1] |.  (27)
g gcos>Lcos(w;t) + gsin’L

The alignment process is usually performed in a few
minutes, no more than ten minutes, so w,t is a very small
amount. So cos(w,t) and sin(w,f) can be rewritten by the

third order Taylor series expansion as
2

cos(w; 1) ~ 1 — %tz
3 (28)
i iet ~ iet_ ltz
sin(w;.t) = w 3
To this respect, (27) can be rewritten as
W, |
Llw;,t— ==t
gcos (a) 6 )
a(r) = gwsinLeosL , (29)
2
gwi,costh2
2
Multiplying both sides of (7) from left by C?(0) yields
B(1) = Co(0)a(?). (30)

Because C}(0) is a constant matrix, it indicates that
B(¢) is a linear combination of the elements for a(z).
Therefore each component of B(r) can be used a third-
order polynomial description, (30) can be rewritten as

B+ B t+ B’ + Bt v.(9)
B()=| By+B,t+But*+Bysr |+| v,(0) 31)
BzO +Bz|t+Bzzt2 +Bz3t3 Uz(t)

where B;;(i =x,y,z;j=0,1,2,3) are the constant scalar
parameters,v;()(i = x,y,z) are the interference items.
Thus, we can manage data fitting to B(¢) based on for-
mula (31) and C}(0)can be computed by using the fitted
value B(1). So as to achieve the purpose of translational
motion interference suppression.

In order to calculate B;; in real time, ARWLS algo-
rithm can be employed to estimate the state. Here taking
B.(t,) for example and defining

X.=| Bo By Bo By |

sz[l P t,f] (2)

Given initial guess of the state X, and the associate
covariance Py, ARWLS computes a posteriori estimate
)A(,Hl , a gain matrix K; and a posteriori covariance Py,
[27] as follows:

X = X+ KiB.(1) - H X,
K, = PkHZ[HkPkHZ +/ik+l]_1
P, =P -KHUP, (33)

o
~ ~ e +A;
A=At =79—

e, =B(t)— H.X,
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where e, is called innovation vector; B(t,) is the actual
measurement; in general, X, =0, A,=0.1, Py0) = Ia
and « is a large scalar. We can find that the measure-
ment noise is not used directly in the above algorithm, but
merged into e,. The advantage is that we don’t have to
know the statistical properties caused by speed distur-
bance and adaptive weighted to calculate the gain accord-
ing to the innovation vector. So it will speed up the con-
vergence of the algorithm.

After gaining B, which is the estimate of B;;, substi-
tute it into (34), we can obtain the least square fitting
result of B(7), then complete the initial alignment.

B+ Bt + Bt + Bt
ﬁ(tk) = By() + Byl tk + Byztz + Bv3t2 (34)

B+ Bt +Bot+ Bt

4. Simulation study and experimental results

In this section, we carry out simulations and experiments
to verify the performance of the AISAAOE.

4.1 Simulations study

In the simulation study, the SINS is assumed to be
located at latitude 39.959° and 400 m height. The sam-
pling rate is 100 Hz, and we select medium accuracy iner-
tial measuring component. The specifications of gyro-
scopes and accelerometers are list in Table 1.

Table 1 Specifications of gyroscopes and accelerometers
Parameter Value
Gyroscope dynamic range/(°/s) +200
Gyroscope constant drift/(°/h) 0.01
Gyroscope random drift/(°/h) 0.01
Accelerometer dynamic range +30¢g
Accelerometer bias 100 pg
Accelerometer random drift 100 pg

We design simulations mimicking typical alignment
condition: the first one for a swaying SINS without trans-
lations, the other one for a swaying SINS with transla-
tional motions.

Firstly, we consider the SINS angularly swaying with-
out translational motions. Due to the periodic angular
shaking interference, the pitch angle 6, roll angle y and
yaw angle y of carrier are

2 m
=17 iy Z
cos( 5 )

2
y= IOCOS(£t+§) . (35)

2n w
=30+5 —t+=
v cos ( 7 3 )
The Euler angles estimates along with the true value
are plotted in Fig. 1 and Fig. 2 for the first 150 s, through
the SAAOE and the AISAAOE, respectively.

Pitch/(°)
o

Roll/(°)
|
S o o
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o 40
2
g 20
T 10 . .
0 50 100 150
Time/s

——: Ture; - -: SAAOE.

Fig. 1 Euler angles estimates along with the true value for the first
150 s when the SINS performs angular swaying with no transla-
tions by SAAOE

e sETTTTTTTIIAITAIAT,
& \/\/ \/\/ | \/50\}\/ \/ \/\ \ I u” i}

—: Ture; - -: AISAAOE.

Fig.2 Euler angles estimates along with the true value for the first
150 s when the SINS performs angular swaying with no transla-
tions by AISAAOE

They imply that the curves for SAAOE and AISAAOE
are too close with the true value to discriminate, they are
inherently not influenced by any angular swaying. Fig. 3
gives the estimate errors of the three Euler angles for the
first 300 s.
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) Roll error/(°)
&

0 50 100 150 200 250 300

Heading error/(°

50 100 150 200 250 300
Time/s
—:SAAOQOE; - -:AISAAOE.
Fig. 3 Estimate errors of Euler angles for a swaying SINS with no
translations by SAAOE and AISAAOE

We can see that the different between SAAOE and
AISAAOE is negligible. The two level misalignment
angles, roll error and pitch error, converge almost instan-
taneously with a high-precision (better than 0.007°). In
specific, the yaw error takes longer time than the
two level misalignment angles to converge, it stabi-
lizes at 0.03° in 100 s. Estimates of the initial constant
Euler angles by SAAOE and AISAAOE are plotted in
Fig. 4.

18
= 4954
L2 4952+t
& 4.950
4,948 . . L . .
0 50 100 150 200 250 300
9.012
5 9.010
= 9.008 +
S 9.006
~ 9.004 fp———
9.002 L . .
0 50 100 150 200 250 300
g 32.7 g
2 BSN,
=~ Th it
g 32aflli vV
T 323 . . L . .
0 50 100 150 200 250 300
Time/s
----: SAAOE; —: AISAAOE; —: Ture.

Fig. 4 Initial Euler angles estimates by SAAOE and AISAAOE for
the SINS performs angular swaying with no translations

We can find that the estimates of the initial constant
Euler angles exist a apparent climbing tends and deviate
from the true value because of the existence of gyro-
scope and accelerometer biases. It indicates that investi-
gating the change of the initial Euler angles can alterna-
tively serve as a function of calibration sensor errors, e.g.,
gyroscope and accelerometer biases [19,28]. Note that the
initial pitch angle and roll angle have a bias of 0.006°,
while the initial yaw angle has a bias of 0.01° until the
end.
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Secondly, the SINS sways with both angular and
medium-frequency translational motions interference.
Keeping the above angular shaking unchanged, mean-
while, carrier exists translational motions velocity caused
by base swaying, they are

(36)

i i

2n 2n .

V; _AiTcos(7t+goi), I=Xx,y,2
where subscript x, y, z are the three axes of the b frame
respectively; A; are the amplitudes of translational motion
and A, =A,=A,=0.05m; T; are the cycles of transla-
tional motion and 7,=7,=1,=2 s; ¢; is the random phase
which obey uniform distribution [0, 27].

The Euler angles estimates along with the true value by
SAAOQOE and AISAAOE for the SINS with both angular
and translations motions are given in Fig. 5 and the Euler
angles estimate errors are plotted in Fig. 6.

Pitch/(°)

0 50 100 150 200 250 300

—_

Roll/(°)

=RV, Nl Nl

0 50 100 150 200 250 300

Heading/(°)
— DRI W W
NOUNOWnNO

0 50 100 150 200 250 300
Time/s
----: SAAOE; —:AISAAOE; —: Ture.
Fig. 5 Euler angles estimates along with the true value by SAAOE
and AISAAOE for the SINS with both angular and translations
motions
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Roll error/(°)

S
0 50 100 150 200 250 300
Time/s
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Fig. 6 Estimate errors of Euler angles by SAAOE and AISAAOE
for the SINS with both angular and translations motions

Heading error/(°)
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The translation
motions effect on the SAAOE method because the zero
ground velocity assumption is not valid any more and we
cannot measure them. AISAAOE yields a well result
because of the aid of the ARWLS algorithm. In specific,
the yaw angle error stabilizes at 0.03° in 150 s for
AISAAOQE, but still has a big shock (about 0.25°) for
SAAOE. The above observations show that AISAAOE
could cope with both large angular swinging and transla-
tional motions, while SAAOE is sensitive to translational
motions, especially the yaw angle. The initial Euler
angles estimates by SAAOE and AISAAOE for the SINS
with both angular and translations motions are plotted in
Fig. 7.

imposes considerable translations

4960
4.955
4.950
4.945
0

Pitch/(°

50 100 150 200 250 300

9.015
9.010

Roll/(°)
o
[
>

200 250 300

=
5
£
S
:]: n
50 100 150 200 250 300
Time/s
----: SAAOE; —:AISAAOE; —: Ture.

Fig. 7 Initial Euler angles estimates by SAAOE and AISAAOE for
the SINS with both angular and translations motions.

It appears that the climbing tends of the yaw angle is
similar with Fig. 6 and the two level angles also have a
bias of 0.006° like Fig. 4.

Thirdly, we compare our method with the SAAOE
with a low-pass filter (SAAOEWLF) described in [19].
The low-pass filter is selected for illustration to be a
100-order equiripple finite impulse filter (FIR) with
the pass frequency at 0.01 Hz and the stop frequency at
0.1 Hz. The SINS sways with both angular and different
frequency translational motions interference, i.e.,

Frequency 1 (Frl): T.=T,=7.=0.2 s;

Frequency 2 (Fr2): I.=T,=T=2 s;

Frequency 3 (Fr3): 7.=7,=T=10 s.

The estimate errors of the Euler angles by AISAAOE
and SAAOEWLF for different frequency translational
motions interference are plotted in Fig. 8 and Fig. 9,
respectively.

~ 0.05
E i UU\/\/\/\/\/\W
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=
2
A —0.05° : : : : :
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~ 005
s [
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S os5hl|
o ol - R e
2 s WY
£ 051 MWM
S ol r ) . .
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Time/s
- Frly - :Fr2; ——: Fr3.

Fig. 8 Estimate errors of Euler angles by AISAAOE for different
frequency translational motions interference.
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5 0 \NUU YAVAVAVAVAYAVAYAYATA AT A AT
2 |
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= "
(]
2 0.0 : : : : :
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T L
e os g [T
o ) Tl
- 50 100 150 200 250 300

Time/s
- Frly - :Fr2; ——: Fr3.

Fig. 9 Estimate errors of Euler angles by SAAOEWLF for differ-
ent frequency translational motions interference.

We can see that, compared with SAAOEWLF,
AISAAOE yields a better result, especially for the head-
ing errors in Fr3. In specific, the heading errors by
AISAAOQOE reach 0.05° within 250 s for all three frequen-
cies. And the heading errors by SAAOEWLF reduce to
0.05° within 250 s for Frl and Fr2, but still have a big
shock (about 0.5°) for Fr3. This is mainly because that,
with the frequency of translational motions interference
decreasing, the low-pass filter is not valid any more. In
order to eliminate the lower frequency translational
motions interference, we need to design a higher-order
FIR, this will inevitably lead to delay growth too. The
above observations show that AISAAOE could cope with
different frequency translational motions interference,
while SAAOEWLF is sensitive to low frequency transla-
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tional motions interference because of its defects.
4.2 Experimental results

This section reports our experimental result by examin-
ing a real SINS system consisting of three ring laser gyro-
scopes with drift rate 0.005°/h (1o) and three quartz
accelerometers with bias 510 ° m/s’ (1o) at output rate
200 Hz. The SINS is installed on a vehicle as shown in
Fig. 10.

Fig. 10 Setup of the experimental platform

In order to evaluate the accuracy of alignment we
needed a criterion for comparison. Thus we design the
experiment scheme as shown in Fig. 11.

Oscillatory-base alignment
segment

Static-base alignment
segment

0 300 s 600 s

Fig. 11 Experiment scheme

As can be seen from Fig. 11, the experiment data is
collected as such. Firstly, during the period of 0 s to
300 s, this is the static-base alignment segment, the vehi-
cle keep static for high-precision static-base alignment,
then is working at navigation mode to produce standard
attitude, which is used to provide the reference attitude of
high accuracy for the results comparison. Secondly, dur-
ing the period of 300 s to 600 s, this is the oscillatory-
base alignment segment, we impose some interference on
the vehicle, such as engine vibration, crew motion, crew
get on or off the vehicle, people shake the vehicle, etc.
The reference attitude derived by the static-base align-
ment segment is shown in Fig.12, and the Euler angles
estimate errors are plotted in Fig.13.

As can be shown in Fig.13, the superiority of the pro-
posed method can be easily observed, AISAAOE has a
much faster convergent speed than SAAOE, especially
for the heading error, the estimate errors of heading angle
by AISAAOE is less than 0.05° in 150 s, less than 0.03°
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in 300 s, while the estimate errors of heading angle by
SAAOE is less than 2° in 150 s, less than 0.3° in 300 s.
This is mainly because that, the added interference exists
a variety of translational motions, the AISAAOE can out-
perform the SAAOE because of the help of the ARWLS
algorithm. And it is consistent with the previous simula-
tion results.
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Fig. 12 Reference attitude derived by the static-base alignment

segment
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Fig. 13 Estimate errors of Euler angles for the real SINS system

5. Conclusions

The SAAOE is an attractive and useful method for the
SINS initial alignment. It shows that the alignment prob-
lem can be equivalently transformed into an attitude
determination problem using infinite vector observations
over a continuous time interval and is not influenced by
any angular swaying of the carrier. However, while the
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SINS on a rocking base with both angular and transla-
tional motions interference, SAAOE is sensitive to trans-
lational motions because the zero ground velocity
assumption is not valid any more. By using an ARWLS
curve fitting algorithm to fit the translational motion
interference-contaminated reference vectors, a modified
AISAAOE is introduced. The simulation study and
experimental results for the SINS initial alignment on a
rocking base with both angular and translational motions
indicate that the AISAAOE can outperform the SAAOE
because of the help of the ARWLS algorithm.
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