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Special features of a technology for half-scale development of the mathematical sofiware support (MSS) of strap-
down inertial satellite navigation systems (SISNS) are considered. The implementation of such a technology relies on
modern recording equipment and permits one to oplimize the MSS from the actual signals and on a set of the algo-
rithms under study. A description for the SINS-500 system based on fiber-optic gyros is given as the object of half-
scale development. The results of half-scale tests of the SINS-500 system are presented, which corroborate the Sfacr
that it is possible and expedient to apply the proposed technology to the creation of different-purpose SISNS which
can be made to order.

Introduction

Analytical approaches to the improvement of the operational characteristics of strapdown inertial navigation sys-
tems (SINS) involve optimization of their mathematical software support (MSS) under the given hardware constraints.
The hardware constraints are determined by the available computational resources as well as by requirements on the
SINS dimensions, SINS mass, and SINS cost.

The optimization of a SINS MSS implies a study of the effectiveness of different algorithms for the reckoning and
updating of motion parameters of the objects of a given class. The following approaches to.the solution of such a prob-
lem are possible:

» carrying out a great number of full-scale experiments with different versions of MSS architecture. In this

case, SINS output parameters are recorded and analyzed. Such experiments entail a substantial expenditure of

cash and time;

+  carrying out only one full-scale experiment in a typical path of object motion when the GPS signals and the

signals of inertial sensors, such as gyroscopes and accelerometers, are recorded. Such an approach enables one to

perform, from the signals recorded, MSS optimization on set of the algorithms under study.

In accordance with the technology proposed for the development of an MS$S, when carrying out a full-scale ex-
periment, the signals of fiber-optic gyros (FOG) and accelerometers, and also the GPS signals are recorded. The data
recorded are subsequently used for the tuning of operation modes of an inertial satellite navigation system with differ-
ent algorithms for the reckoning and updating of motion parameters. Tuning quality is determined from the deviations
of the reckoned inertial parameters from the GPS parameters. Thus, it is apparently possible to implement an iterative
process for the MSS half-scale development.

The purpose of this paper is to justify and to implement, in practice, a technology intended for half-scale devel-
opment of the mathematical software support of integrated inertial satellite navigation systems from experimental
data,

The attainment of the purpose in view relies on hardware/software capabilities of modern avionics , namely:

» on the capabilities of present-day equipment intended for the gathering, conversion, processing, and re-

cording of the signals of navigational sensors;

*  on the implementation, in the configuration of navigational sensors, of standard high-speed data exchange
channels.
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1. A Technology and Problems for Half-Scale Development of the Mathematical Software Support for Strap-
down Inertial Satellite Navigation Systems

A technology for half-scale development of the mathematical software support for strapdown inertial satellite
navigation systems (SISNS) can be represented by a scheme shown in Fig.I, where IMU is an inertial measurement

unit that contains the triad of accelerometers and the triad of FOGs; EM is an external memory; © is the vector of
FOG output signals; a is the vector of accelerometer output signals; @,A are the geodetic latitude and longitude of
the position of the object in question; V is the relative-velocity vector of object motion, given by its components aleng
the axes of the navigation frame: & is the vector of attitude parameters,

a
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Fig. L. Scheme for half-scale development of an SISNS mathematica] software support

In accordance with the scheme presented here, when carrying out a half-scale experiment, the reckening and up-
dating of motion parameters are performed, in a Notebook, from the recorded signals of sensors and the GPS. In order
that the procedures for full-scale and half-scale MSS development be quite identical in set, recording is made on a
frequency at which sensor signals are loaded into the SISNS processor module. In the process of half-scale MSS de-
velopment, the following problems can be solved:

stuning the procedures of primary processing of sensor signals [1]. Such tuning includes determination of proce-

dures for SISNS protection from sensor outliers as well as determination of the structure, order, and parameters of

a digital filter;

echoosing the methods of integrating the basic equations for the determination of attitude and position of a SINS;

smaking the frequency of picking off sensor signals agree with the SINS available computational resources;

scarrying out sensor dynamic calibration that is found to be unfeasible under factory conditions;

ecstimation of the misalignment of measurement axes both in accelerometers and in FOGs;

sestimation of and analytical compensation for sensor drifts remained after factory calibration, which manifest

themselves in each SINS start under service conditions;

erefinement of the structure and parameters of drift models of sensors [2];

stuning the procedures of second processing of observed signals, which are based on the application of estimation

filters of the Kalman type. Such tuning involves [3] making the parameters and tools used to protect the filter

from divergence agree with the SISNS computational resources.

In the process of SISNS operation, on the basis of solving the above~-mentioned problems, loops intended to con-
trol sensor condition can be implemented. As applied to aircraft SINS, such loops can be represented by scheme shown
in Fig. 2.

To implement the loops intended to control sensor condition, the degree of detail for SINS error equations is o bé
brought to the level of FOG instrumental drifts and accelerometer biases. In this case, analytical compensation for the
above sensor errors can be implemented at the level of primary processing of sensor signals [4].
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Fig. 2. Loops intended to control the condition of SINS sensors
2. The SINS-500 Strapdown Inertial Satellite Navigation System as the Object of Half-Scale Development
The technology for half-scale MSS development has been approved in the process of testing the SINS-500 strap-

down inertial satellite navigation system that was designed by the “OPTOLINK™ RPC (Zelenograd). Figure 3 shows a
prototype of the SINS-500 system together with technological connecting cables,

Fig. 3. SINS-500 strapdown inertial satellite navigation system

The major modules of the SINS-500 system are as follows: the TIUS-500 three-axis inertial measurement unit
(IMU), based on the triad of fiber-optic gyros and accelerometers; the K-161 satellite receiver developed by the
“RIRT” JSC (Saint-Petersburg); a computing module that conforms to the PC/104 standard; a power unit and in-
put/output interfaces. For the SINS-500 system, the hardware and mathematical software support are modular in archi-
tecture. Such an architecture is analogous to that of the SINS-1000 system, which was discussed in [5]. However, the
SINS-500 system is far less massive (no more then 4.5 kg) and it is much smaller in overall dimensions than the
SINS-1000 system.

For FOGs which form part of the SINS-500 system, random residual drifts are of the order of 0.1+0.3 deg/h, and
for accelerometers, the above drifts are of the order of 104 g.

Hardware that was formed according to the “effectiverness-cost™ critetion gives ground to classify the SINS ver-
sion presented here among the systems of medium accuracy. Such systems are just the ones in which it is apparently
expedient to implement procedures for analytical compensation for sensor residual drifts.
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The timing diagram of SINS operation includes the following stages: coarse initia] alignment, fine initial align-
ment, and a navigational mode that includes operation bath in the submode of autonomous inertial navigation and in
the submode of inertial satellite navigation.

At the stage of coarse initial alignment, IMU angular position is approximately determined using sensor output
signals.

At the stage of fine initial alignment, errors in the IMU angular position and also sensor residual drifts are esti-
mated, along with the parameters of their dynamic models. This problem is solved on a basis of the sequentially proc-
essing, by a robust Kalman filter [3], of the observed signals z; of the following form:

liw
ze(i) = Cog IO(r)a‘c ~[oro:0AT; ‘ %)
-1
Zp() = (7 L 3 W LN (2)
zoy = WeVaVelsms: 3)

where PIA stands for the position of the initjal alignment; @;,A; are the geodetic latitude and longitude of the SINS
" position; Af; = t-1.; is an observation step; :

Q= [ Qq Qc]T is the vector of the angular velocity of Earth rotation, given by its components along the axes
of the semiwander azimuth reference frame ofng;

. . . . T
&= I:@x Oy O;] is the vector of FOG output signals, given by ils components along the IMU axes;

Cyp is the direction cosine matrix that characterizes the angular position of the IMU- fixed frame oxyz with respect to
the inertial frame OX]Y]Z] :

V= e M % ]T is the relative~velocity vector of IMU motion, given by its components along the axes of the ref-
erence navigation frame ofnG.

For the inertial satellite navigation, a combined mode of operation is implemented on a basis of the sequentially
processing, by the robust Kalman filter [3], in the following position observations and velocity ones:

Zp(y = [(Pili];NS ‘[‘Pili}gps 3 4)
Zy(y) = C3T(i) VeVuVe Wysiws — VEVV ot Yipes ()

where C3 is the direction cosine matrix that characterizes the angular position of the reference frame oEnd with
respect to the geodetic frame oENH.

The autonomous inertial mode is implemented taking inte account that the predicted FOG drift estimates and the
predicted biases of accelerometers are compensated for.

The basis state vector is comprised of 17 parameters, namely: the errors AVg, AVn, AVQ in the reckoning of
components of the relative-velocity vector; the errors Aqo and Agy in the reckoning of quaternion elements; the an-
gular drifts A @I, A® s A®,_ of FOGs and also the biases Aa,, Aa,, Aa. of accelerometers, where g is a qua-
ternion that characterizes the angular position of the IMU-fixed frame oxyz with respect to the inertial frame
OX Y;Zy; 91 is a quaternion that characterizes the angular position of the reference navigation frame ofng with
respect to the ECEF frame OXgYpZy .

Equations for sensor errors are formed in the IMU-fixed frame. This makes it possible to estimate and damp the
sensor errors if real time.

In all SISNS operating modes, at the level of primary processing of sensor signals, their combined digital filtering
is carried out which includes the following procedures:
e input predictive checking of signals by the combined goodness-of-fit test 12192 [6);
+ localization and gounteraction of outliers [6];
s  suppression of noise components of sensor errors through the use of recurrent smoothing of the signals [4];

e taking into account calibration coefficients that refiect sensor systematic errors, misalignment of their axes, and
also thermal drifts.

The first three procedures of primary processing of sensor signals can be combined into a unified structure of a
robust digital filter [4,6].

To implement the loop for preventive control of sensor condition, in the course of half-scale MSS development,
scale factors and coefficients characterizing the misalignment of sensor sensttivity axes are, in addition, included in the
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basis vector of SINS errors; these factors and coefficients have been determined under factory calibration conditions.
Technological exiension of the vector of SINS errors [2] enables one to carry out postflight refinement of the above-
mentioned factors and coefficients from the recorded sensor signals in the dynamic mode of SINS operation.

3. Analysis of the Results of Studies

Experiments have been carried out on the ground when the necessary equipment was housed in a mobile labora-
tory on the basis of an automobile. The timing diagram of operation of the SINS-500 system included the following
stages: coarse initial alignment (t=0-100s), fine initial alignment (t=100+600s), and a navigational mode (t>600s),

Certain of the results of an experiment on the estimation of aceuracy characteristics of the SINS - 500 system are
shown in Figs. 4-19. The results of a comparison analysis of SINS operation when using different schemes for the
damping of sensor errors were obtained on a basis of the reckoning of motion parameters from the recorded signals of
sensors of the IMU and the GPS. '

Figure 4 shows the horizontal path when the testing laboratory is moving under urban conditions.

In Figs. 5-7, the true heading angle, pitch angle, and roll angle of the IMU are shown, respectively.

Figure 8 depicts the following signals: the output signal (a light-colored graph, arc secs/sec) of one of the gyros;
the output signal (a dark-colored graph) of the same gyro, which was smoothed by means of a robust digital filter [4].

In Fig. 9, the following signals are showr: the output signal (a light-colored graph, m/sq.sec) of one of the hori-
zontal accelerometers; the output signal (a dark-colored graph) of the same accelerometer, which was smoothed with
the aid of a robust digita! filter [4]. The above smoothing has been performed when sensor signals were picked off with
a frequency of 1 kHz.

Figures 10-12 show estimates of FOG residual drifts. These estimates were obtained in the processing of observa-
tions (1)-(5) with a frequency of 1 Hz during the fine initial alignment and in the navigational mode.

Moreover, Fig. 12 depicts the FOG actual instrumental drift (deg/h), which was determined as the mean value of
“zero” bias on the time intervals of 10 sec during the fine initial alignment.

In Fig. 13, an estimate of the bias of the accelerometer in question is shown.

Beginning with the moment t=600 sec, the SINS-500 system was functioning in the autonomous inertial mode and
in the mode of compensation for estimated residual drifts and estimated biases in sensor signals.

Figures 14-18 show the components Vg , Vy of the object ground velocity, which were reckoning by the SINS
{dark ~ colored graphs) and determined with the help of the GPS (light-colored graphs).

Figures 14,15 depict the dynamics of variation of the above velocities when the coefficients of carry and diffusion
[2,7] in the model of FOG angular drifts are tuned properly, and Figs. 17,18 depict the above dynamics when the coef-
ficients mentioned differ from the required ones by a factor of 10.

Figure 16 reflects the presence of the GPS signals when moving under urban conditions, namely: “1” shows that
the signals are present; “0” shows that the signals are not present.

A comparison of the results shows that with the parameters of models of sensor errors tuned inaccurately, SINS
accuracy characteristics become substantially worse.

Figure 19 shows the circular error AS of the object position estimation, which corresponds to the reckoning of
SINS velocities depicted in Figs. 14 and 15, where

a5= UB(PZ +8;\,2 : Sp = (Psms — Pops I3 81. = (hsms ~ Aars IR

R= a(1-0,5¢'sin’p); a=6378245 m; ¢° = 0,0066934.
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Fig.4. Horizonta] path of the testing-laboratory motion under urban conditions
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The studies conducted and the graphs presented here corroborate the fact that it is expedient to include the stage of
half-scale simulation in the structure of a technological process intended for developing the hardware and mathemati-
cal software support of strapdown inertial satellite navigation systems.

Conclusions

Half-scale development of the mathematical software support (MSS) for strapdown inertial satellite navigation
systems (SISNSs) can be carried out from the recorded sensor signals. Such an approach enables one to simulate actual
operating conditions and to perform MSS optimization on a set of the algorithms under study. The capabilities of mod-
emn avionics and also of signal gathering and signal processing equipment permit making use of the technology in-
tended for half-scale development in order to control SISNS technical condition and to update the MSS at all stages of
the life cycle.
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