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Abstract—-Basic features of implementing the modes of oper-
ation of a strapdown inertial navigation system (SINS) under
polar conditions are considered. The above-mentioned SINS
based on fiber-optic gyros has been the subject of our studies.
Approaches to the improvement of the accuracy characteristics
of such SINS are proposed, which are based on the use of geo-
physical invariants and on the integrated processing of appropri-
ate observations. The results of field development of the SINS
presented in this paper are shown and analyzed.
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At present, the problem of improving the accuracy
characteristics of strapdown inertial navigation systems
(SINS) operating at high latitudes still remains topical. This is
connected with the following features of SINS operation under
such conditions: lack of geodetically equipped sites; the
necessity of carrying out autonomous initial alignment when
horizontal components of the Earth angular velocity vector are
small in magnitude; degeneracy of traditional equations of
navigation; significant vibrations of the construction of a
mobile object, e.g., of a helicopter. Therefore, under such
conditions, the initial alignment performed only by
gyrocompassing method may prove to be ineffective.
Traditional approaches to the solution of the above problem
involve selection of coordinate systems [1, 2] and also the use
of information [3] which is external with respect to the SINS.

INTRODUCTION

The purpose of this paper is to improve SINS accuracy
characteristics at high latitudes on the basis of new approaches
to the reckoning of motion parameters, and using the
invariants and external information.

The attainment of the formulated purpose relies on the use
of combined procedures for the SINS initial alignment (IA)
and SINS additional alignment, which are based on a
combination of the potentialities of the methods of
gyrocompassing, vector matching, and optimal estimation.

II. THE SINS-500NS INERTIAL SATELLITE NAVIGATION

SYSTEM AS THE SUBJECT OF STUDIES

In this paper, the subject of the studies is an upgraded
version of the SINS-500NS inertial satellite navigation system
(sce Fig.l) developed by the NaukaSoft Experimental
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Laboratory, Ltd. (Moscow). The inertial measurement unit
(IMU) of the above SINS-500NS [4] system is based on fiber-
optic gyros (FOG) developed by Optolink RPC (Zelenograd).
The frequency of data updating and recording on a flash
memory built in the system is 1 kHz for the IMU, and 1 Hz for
the satellite navigation system (SNS) and other external
observations. The technological solutions considered in this
paper have been implemented in Linux real-time operating
system which supports modular architecture of the SINS
construction. The presence of built-in flash memory has made
it possible to obtain and analyze the recorded data with due
regard to actual operating conditions. Furthermore, this has
enabled the math-based software (MBS) to be updated and
studied on a set of paths and the algorithms synthesized.
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Fig. 1. SINS-500NS strapdown inertial satellite navigation system

The following modes of SINS operation, which take into
account reducing observability of the SINS azimuth error with
increasing position latitude, have been implemented and
studied.

Coarse initial alignment of the SINS-500NS system is
performed by the gyrocompassing method, using the signals
from inertial sensors — gyros and accelerometers. This mode
has the following specific features of implementation: primary
processing of sensor signals is carried out with the use of
combined digital filtering [5]; the sensor signals are protected
against outliers by combined goodness-of-fit tests [6].
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Adaptive tuning of the parameters of a digital filter in the
frequency domain allows one to take into account spectral
characteristics of vehicle vibrations. In this paper, such a
vehicle is a helicopter.

Fine initial alignment of the SINS-500NS system is
performed with the use of geophysical invariants and the
Kalman filter. The invariants are physical quantities the values
of which are known a priori and do not change in time and
space. Such invariants are the angular rate of the Earth rotation
and immobility of the SINS base during the initial alignment.
A specific feature of this mode is associated with the
implementation of “pseudoreckoning” of attitude and
navigation parameters by sensor signals when the system base
is immobile. Taking into account the necessity of using the
SINS at high latitudes, such reckoning was implemented on
the basis of a quaternion modification of the all-latitude
reckoning algorithm [2]:
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where g, ={q4,9;,9,.93} 1s a quaternion which charac-
terizes the angular position of the IMU frame oxyz relative to
the inertial frame OX1YiZy; p, = {py, P;» Py, P53} 1S a quater-

nion which characterizes the angular position of the wander-
azimuth reference navigation trihedron ofn{ relative to the

geocentric frame OXpYpZg;
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o= [0)(2 o, mC]T is the vector of angular velocities of

rotation of the reference trihedron oZng in the geodetic frame
[2]. Moreover, when reckoning the coordinates for the

wander-azimuth trihedron, Wy = 0. Components of the vector
o are determined from the orthogonal components Vi’ Var VC

of the relative-velocity vector 77, which are taken from the
solution of the following basic equation of inertial navigation

[2]:

418

=0y a+g-20x7 -ox7 -0x@QxR), @)

where a =[a, a az]T is the vector of output signals of

¥
accclerometers, g :[gi 2 gC]T is the vector of

gravitational acceleration; Q= [Qi Qn QC]T is the vector

of angular velocity of the Earth rotation; Q= Hﬁ‘
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R=[0 0 R is the IMU position vector; (x) is the
operator of vector product; C; is the directional cosine matrix
(DCM) which characterizes the angular position of the IMU-

fixed frame relative to the reference frame oZnC . In addition,

from the elements of the above-mentioned quaternions one
can find the angles vy, 9, y of the IMU angular positon
relative to the moving trihedron o ENH of the geodetic frame,
along with the geodetic latitude ¢, geodetic longitude %, and
the azimuth 4 of the trihedrononl relative to the reference
point oENH:
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Observations of the invariants have the following form:
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where PIA stands for the position of the initial alignment;
¢;.n; are the geodetic latitude and longitude of the SINS
L=
directional cosine matrix which characterizes the angular
position of the IMU-fixed frame relative to the inertial frame.

position; At, = _; is an observation interval; C, is the

The vector of the SINS errors comprises 18 parameters,
namely: errors in the reckoning of components of the relative-
velocity vector; errors in the reckoning of elements both of
navigation and attitude quaternions; angular drifts of FOGs;
biases of accelerometers, and error in the reckoning of ecleva-
tion relative to the Earth ellipsoid. In order to increase the
timeliness of the SINS errors estimation, observation of the
following increments of velocity has also been considered:
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The mode of autonomous additional alignment of the
SINS-500NS system provides for the refinement of IMU
angular position and sensor drifts on a mobile base. For this
purpose use is traditionally made of sensors of information
that is external (SEI) with respect to the SINS. We propose to
use invariants as external information. Such invariants can be
formed by updating the observation (3) for the mobile base,

namely:
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where C] is the DCM which characterizes the angular
position of the reference trihedron ofn{ relative to the
. . < S
inertial frame; O = [SESHSC] is the vector of angular
velocity of IMU rotation relative to the reference trihedron,
ie.,
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The attitude angles v , &, y are determined from the
B
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matrix elements C; = COC2 C1 , and their derivatives are

determined from the solution of the following equations:
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where ¢ is the time of SINS functioning; C; and C; are

the DCM determined from the elements of the quaternions g,

and p,, and their derivatives determined from Eqs. (12);

C3(iyy are the elements of the DCM (5.

In the SINS-500NS system, the navigation problem is
solved in the inertial and inertial satellite modes. In both of
these modes, the Eqs. (1), (2), and (7) are solved; in addition,
in the inertial satellite mode the following observations are
formed and processed using the Kalman filter:
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where C; = C, when the substitution QQAf = 4 is made.

I11. ANALYSIS OF THE RESULTS OF IN-FLIGHT
DEVELOPMENT OF SINS-500NS SYSTEM

In-flight experiments were conducted onboard a helicopter

beyond the polar circle (¢ > 69" ). The results of comparative

analysis were obtained on the basis of motion parameters
reckoning from the recorded IMU signals and from data
coming from the SNS [4]. The cyclogram of the system
operation is as follows: coarse (CIA), fine TA (FIA);
navigation mode (¢t > 860 s). Figs. 2, 3 show the following
circular position errors of the SINS-500NS system in the
inertial mode: in Fig. 2, only after coarse IA; in Fig. 3, after
fine TA, additional alignment, and compensation for the
estimates of sensor drifts, where

— 2 2 . — _ .
AS = \ 8(/, +8x ’Sx - O“SINS XSNs )R cos Psns >

8(p = ((pSINS - (pSNS)R ; R is the SINS position vector.

As follows from the figures, in the autonomous navigation
mode, the SINS alignment and additional alignment from the
observations of invariants (3) — (7) decreased the SINS circu-
lar error by no less than an order of magnitude.

AS.m

i, sec

Fig. 2. Circular position error in the inertial mode after CIA

(0<t < 860 sec )
CIA
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Fig. 3. Circular position error in the inertial mode after FIA

(t =0+190sec;190sec < ¢ < 860sec)
CIA FIA

Figs. 4, 5 show the following circular position errors of the
SINS-500NS system in the inertial satellite mode: in Fig. 4, in
the mode of compensation for all estimated SINS errors; in
Fig. 5, in the mode of compensation for estimated residual
drifts and estimated biases in sensor signals.
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Fig. 4. Position error in the inertial satellite mode after compensation for all

i =0+ : < R
estimated SINS errors ([CIA 0 +190sec; 190 sec < - 860 sec ;
t > 860 sec )
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Fig. 5. Position error in the inertial satellite mode after compensation for
estimated drifts in sensor signals

> 860 sec
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FIA SINS + SNS
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Some results of sensor drifts estimation are presented in
the following figures: in Fig. 6, estimation of the ox FOG re-
sidual drift is shown; in Fig. 7, estimation of the ox accel-
erometer bias is given.
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Fig. 6. Estimate of residual drift for the ox FOG
L\.;x , m/sq.sec
oL s | MW/ }:v/\‘}""\)\/_\,_r“-""’“ﬁ\f‘vﬂ‘\'r .% Iagmm"ﬂ“f\j

L, sec

Fig. 7. Estimate of bias for the ox accelerometer

IV. CONCLUSION

Improvement of SINS accuracy characteristics at high lati-
tudes can be based on the following upgrades of MBS: the use
of quaternion modification of the all-latitude algorithm for
coordinates reckoning, as well as its complement [2] on a rec-
tangular grid; SINS initial alignment and additional alignment
with the use of invariants; the use of available external infor-
mation for the sensor drifts estimation and compensation.
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