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Abstract

Purpose: is an analysis of methods and models for ensuring the functions of controlling the integrity of the
GNSS and functional diagnostics of the INS in flight conditions, as well as developing an algorithm for
monitoring the integrity of the GNSS and controlling the correct functioning of it. Methods: methods of the
theory of optimal estimation, the theory of probability and the theory of random processes.Results: The
analysis of factors influencing the quality of autonomous monitoring of the integrity of the satellite
radionavigation system and analysis of possible ways to increase reliability and integrity were carried out.
An algorithm for monitoring the integrity of the GNSS and controlling the correct functioning of the INS has
been developed.Discussion: Based on the results of the study it is proposed to develop mathematical
complex, which allows to conduct a complete cycle of simulation of the algorithm at a given stage of flight of
the aircraft using existing groupings of spacecraft, as well as experimental navigation data of the GNSS and

the INS, registered during the flights.
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1. Introduction

The article is devoted to research and analysis of the
methods of joint processing of navigation data
obtained from satellite and inertial navigation
systems (INS) in order to increase the reliability of
autonomous integrity control and verify the correct
functioning of the INS in the conditions of the flight
of the aircraft. Also, in this article an algorithm for
monitoring the integrity of the GNSS is presented.

When flying along the route, the acceptable
levels of error detection are quite high, which may
facilitate the use of the global navigation satellite
system (GNSS) as the main navigation tool. In the
case of an non-precision approach, the integrity
requirement is significantly increased and control
parameters that are calculated by the built-in
algorithm can exceed the margin of error, which can
lead to the loss of accessibility of integrity
assessment functions (GNSS).

Significantly improve the performance of built-in
monitoring of the system is possible not only
through functional additions, but also at the expense

of other on-board navigation systems, namely the
INS.

In this article an analysis of the autonomous
control of the integrity of satellite navigation
systems is carried out and on its basis the creation of
an integrity control algorithm for the GNSS and the
INS, which will allow detection, localization and
elimination of abnormal measurements, as well as
conduct functional diagnostics of the INS during
flight performance.

2. Analysis of latest research and publications

Thanks to the widespread use of satellite navigation
technology, the integrity of navigation systems is
becoming an important issue, especially for
improving safety on aviation. [I — 3]. Receiver
autonomous integrity monitoring (RAIM) is an
important technology developed to evaluate and
maintain the integrity of the GPS system.

The main requirements for the autonomous
monitoring of integrity are set out in the main
guidance documents [4, 5]. According to these
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requirements, the satellite receiver indicator should
form control parameters that will allow to conclude
that the requirements for the integrity of the
navigation system for the given phase of the flight of
the aircraft are met and to issue warning signals.

The high efficiency of RAIM depends on a
sufficient number of visible satellites and their
geometric configuration. Usually, RAIM availability
requires at least five satellites. In addition, the level
of protection defined by the geometric configuration
must be less than the warning threshold.

Unfortunately, at the landing and landing stage,
errors and obstacles can lead to a loss of signal. In
this case, the performance of the detection of defects
RAIM sharply reduced [6 - 8].

The loss of functions for assessing the integrity
of a satellite radio-navigation system may also arise
due to insufficient redundancy of measurements,
with the adverse mutual geometry of the working
constellation of navigational satellites and high
errors in measurements [9].

The search for algorithms for monitoring the
integrity of the GNSS with the use of navigation
information is devoted in works [10 — 12]. However,
the approaches proposed in these works to the
development of integrity monitoring in integrated
systems do not provide an assessment of the work of
the INS in terms of ensuring an adequate level of
reliability of its functioning.

3. Research tasks

The purpose of this research is to develop ways to
increase the continuity of the navigation function
with the GNSS - INS complex at the landing stage.
To achieve this goal, it is necessary to analyze the
factors that influence the quality of autonomous
integrity monitoring, the GNSS and develop possible
ways to increase the reliability of the functions of
the integrity assessment of the INS, namely, the
algorithm for monitoring the integrity of the GNSS
and controlling the correct functioning of the INS.

4. Development of the algorithm for monitoring
the integrity of the GNSS and controlling the
correct functioning of the INS

The basic requirements for a satellite system are the
provision of the necessary values of accuracy,
integrity, continuity and accessibility.

The aim of using RAIM technologies is the
determination of the presence of abnormal errors and
their exclusion using the measurements themselves.
The solution to this problem has become possible
due to the excess of measurements.

The task of close integration of the INS and the
GNSS arises in the development of advanced
navigational systems. The peculiarity of the problem
of close integration is the possibility of obtaining
integrated solutions with a small number of visible
navigational satellites when autonomous positional
and high-speed satellite navigation solutions are
impossible.

The INS / GNSS integrated navigation system
combines the benefits and compensates for the
disadvantages inherent in each system separately.

As noted above, the approaches to the
development of integrity monitoring in integrated
systems do not provide an assessment of the work of
the INS in terms of its correct functioning [10 - 12].

Methods for detecting errors in the INS can use
quantitative models, qualitative models and
retrospective data [13 — 19]. In the presence of an
analytical model of the technological process,
methods based on quantitative models are used.
These include: the use of analytical or hardware
redundancy, the construction of verification
equations.  Qualitative  description of  the
technological process uses methods based on non-
numerical models. These include the use of a
directed graph, a failure tree, and a model of
"common sense."

For many processes, the analytical description is
not defined, and the qualitative representation is
rather cumbersome, in which case retrospective data
on the technological process are used. For this case,
the following diagnostic methods are needed that
would allow information from the retrospective data
array. Such methods are divided into numeric and
non-numeric. Non-numerical methods include the
use of expert systems and qualitative analysis of
trends. By numerical methods - the use of statistical
methods, the use of neural networks [18].

For hardware redundancy, methods based on
merging data [20, 21] are used with procedures such
as the method of reducing uncertainty. In methods
based on analytical redundancy, additional values of
process variables are obtained using various process
models. The most commonly used Kalman filters,
Luenberger's supervisors, verification equations,
artificial neural networks, Bayesian trust networks.
An overview of such methods is presented in papers
[17-19,22,23].

The use of verification equations is based on
checking the "integrity" of the model with the
measured values of inputs and outputs. Testing
equations are considered in documents [19, 20].

To detect malfunctions that may lead to a failure, an
oriented graph is used. The direction of the arcs of the
graph is determined from the top-cause to the vertex-
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consequence. Each vertex corresponds to the deviation
of the variable from the value in normal operation.
Using the oriented graph to detect deviations in the
system is considered in [24].

The failure tree is widely used in the analysis of
reliability and safety of systems. The tree of failure
is a logical tree, through which it is possible to trace
the path from failure to its possible consequences.
The principle of the structure of the tree failure is
considered in the paper [18].

Methods based on the analysis of retrospective
data are divided into two classes: numerical and
non-numeric methods. Non-numerical methods
include the use of expert systems and qualitative
analysis of trends. To numerical ones - use of neural
networks, discriminant analysis, analysis of main
components, etc.

When using expert data systems, error searches are
initially performed [25]. In case of failure, the relevant
part of the retrospective data is transmitted for analysis
by the expert. The expert formulates the rules describing
the failure, its cause, the failure relationship with the
value of the process parameter. Rules are entered into
the expert system and in the future used to process the
current data on the progress of the technological process.
To the disadvantages of the expert system it is necessary
to include the narrowness of the possibilities of the area
of use, as well as the difficulties in interviewing the
expert.

Qualitative trend analysis is the construction of a
trend description using a pre-selected set of
primitives [13, 18]. For example, the trend area can
be described as a triple number, including: the
inclination of the tangent to the trend at two critical
points and the straight line connecting these points.
The presence of a failure gives rise to specific
primitive configurations, which are used to identify
the pattern recognition method.

The principal component method is used to
reduce the dimension and is described in [18].

The problem of detecting a failure can be
considered as a classification problem, for which the
discriminant function is used. A set of values of the
parameters of the technological process at each
instant represents a point in the n-dimensional space.
With the help of a pre-built discriminant function,
you can recognize the points that correspond to the
failure. The disadvantage of this approach is the
need to construct discriminatory functions, as well
as the fact that in most cases it is difficult to obtain
an error-free classification.

When detecting a refusal by searching for
previously defined signs it is possible to use
methods of pattern recognition. The most simple

methods are based on distance calculation. Each sign
corresponds to a point in the multidimensional space
of signs. Metric detection methods are based on a
quantitative estimate of the proximity between these
points. Different distances are used to estimate
proximity [14].

Distance diagnostic methods are divided into two
groups: diagnostics from distance to the standard
and diagnostics from distance to plural. In the
method of the standards, the ratio of the represented
sign to one of the n states is carried out at the
smallest distance to the standard, which takes as a
characteristic typical for this state. When diagnosing
distance to a plural, the distance from the reference
is taken into account, and the distance from the point
x to all points of the set with the given state.

As a sign of a gradual failure, a change in the
trend of the variable of the technological process can
be used. Under real conditions, the trend may be
hidden by interferences, which makes it hard to
detect such a change. It is necessary to use methods
of allocation of trends. These methods include
current smoothing, exponential smoothing, and the
estimation of polynomial trends [26].

One of the methods for estimating a trend that takes
into account the observation of different weights is the
exponential mean [27]. In the exponential average weight
of past observations decreases the more, the further they
are from the moment of evaluation. With a sufficiently
large remoteness from observation time, the value of a
line does not affect the assessment of the trend. In
practice, for the description of the trend most often used is
the simplest two-parameter model, described in [27].

The problem of evaluating the integrity of the
integrated GNSS — INS system can be considered
using general theory methods called "detection of
abnormal measurements" or functional diagnostics
of dynamical systems [28].

Functional diagnostics examines the principles,
methods and devices for evaluating technical objects
in order to increase the efficiency and quality of the
work of the systems being studied. The main task of
functional diagnostics is to identify the technical
state of an object that is being checked during its
work at the given time in terms of the correctness of
the functions performed on it [28].

The methods of this scientific direction are
increasingly used, due to the growing demands on
the quality and reliability of complex technical
systems, such as navigation systems installed on
board of an aircratft.

According to [28], in diagnosis, it is possible to
solve three types of tasks: checking the correctness,
efficiency and correct functioning of the system.
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Inspection of serviceability and performance can not
be carried out in the conditions of flight
performance, since it is proposed to conduct a
complete set of tests to assess the technical condition
of the object in all modes of operation.

Verifying the correct functioning of the system
requires less costs. It runs in the operating mode and
evaluates the system at a given time. The conduct of
such verification is appropriate for dynamic objects,
including the integrated navigation system GNSS — INS.

At the same time, the diagnostic tasks distinguish
between control tasks (detecting the fact of failure)
and diagnostics (localization of the defect).

Thus, the purpose of the functional control of the
GNSS — INS complex is to monitor the integrity of

Difference between coordinates of GNSS and INS
at the time k At

N

the GNSS and to control the correct functioning of
the INS. At the same time, the principle of analytical
redundancy is based on the control of the integrity of
the GNSS, and the diagnostic features (the
characteristics of the object necessary to determine
its technical condition) are formed on the basis of
measurements of both navigation systems. This will
increase the reliability of the autonomous control of
integrity and verify the correct functioning of the
INS in the conditions of the flight of the aircratft.

Figure 1 shows an example of a model for
assessing the integrity of the GNSS -INS system
during the flight.

At=ntd
x ™ where ty — sampling interval
kin n=12,...

Trajectory INS

Maximum predicted deviation of the INS

Kn relative to the GNSS for the time interval At

Trajectory GNSS

tk+At

Fig. 1. Model for assessing the integrity of the GNSS — INS system during the flight.

The difference in velocities Av, which are
determined by the GNSS and the INS, can be used as
an object of observation with optimal linear
filtration. The algorithm for estimating the integrity
of the GNSS — INS complex will be constructed on
the basis of the processing of the value Av.

Let’s take a look at the work of the algorithm
(Fig. 2).

At the time of the regular work of all satellites
of the working constellation and the INS, the

difference in velocities Av, measured in the GNSS
GNSS INS

Vi indicator and the inertial system v, at the
time #, is formed.
A =V ) 1)

The value Av, enters the Kalman filter, at the
filter output, an optimal linear estimate Av, is
observed. The presence of the value Av, allows us to
find an optimal estimate of velocity v, by measuring

two navigation sensors according to the expression
v, =vi™ + AV, , where

vy A s
I}kE:l’ AV :l:AI}kE:|, v :[ans (2)
)’ ¥ E,

where, Vy, Vg is the northern and eastern component
of the wvelocity vector in the axes of the
accompanying triangular.

Vk:

Optimal coordinate estimation fcz[ﬂ)k,fk J can

be found by numerical integration (calculating
coordinates) [29]:
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— Decision about the existence of abnormal measurement
— Localization and exclusion of a defective satellite

— Decision about the correct functioning of the INS

Fig. 2. Algorithm for monitoring the integrity of the GNSS and controlling the correct
functioning of the INS

At the time of the regular work of all satellites
of the working constellation and the INS, the

difference in velocities Av, measured in the GNSS
GNSS S

v indicator and the inertial system v,"° at the
time #, is formed.
Av, =y —y ¢ (1)

The value Av, enters the Kalman filter, at the
filter output, an optimal linear estimate Av, is
observed. The presence of the value Av, allows us to
find an optimal estimate of velocity v, by measuring

two navigation sensors according to the expression
v, =v™ + AV, , where
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pY AVY Ve®
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where, Vy, Vg is the northern and eastern component
of the wvelocity vector in the axes of the
accompanying triangular.

Optimal coordinate estimation fc=[q3k,l;] can

be found by numerical integration (calculating
coordinates) [29]:

&)k = q)/fl +ZVL(Q

- kINCOS( k)
M=(a+H) L= 320 ©
l—e sz( ))
N=(at+H)—

(1—@2 sin’ ((T)))
where M and N are the radius of curvature of the
meridian and the first vertical, H is the flight altitude
of the aircraft, and a is the large half-axis of the
ellipsoid of the Earth.
Found an estimate Av, enters the prediction

block, which represents a open Kalman filter. In the
forecast block, this value is extrapolated to the time
point #,4, Where At=nt,, t; — sampling step, n is the
number of samples taken during the extrapolation
interval At

Av,,, = BN, +0 @)

The the

predicted difference between the measurements of
the speed of the GNSS and the INS. An equivalent
difference in coordinates can be found by

magnitude Av,, ~ represents

numerically integrating the resulting vector Avy,,
The corresponding expressions (3) are written as:

At=n-t, AVN
A — k+i t
q)kJrn ; M
At=n-t, N
My, = Y Sl )
=1 Ncos(d)k )

ijNS Aq)k+n
k+n A?\. .
5. Conclusions

The proposed concept for monitoring the integrity of
the GNSS and assessing the correct functioning of

the INS involves the parallel work of the basic
RAIM algorithm and the developed algorithm for
monitoring the integrity of the GNSS and control the
correct functioning of the INS, built on the basis of
the processing of navigation data of the GNSS and
the INS. This approach ensures an increase in the
continuity of the implementation of the navigation
functioning with the GNSS — INS complex.
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KOHTPOJIIO TPaBHIBHOCTI 11 (QYHKUiIOHyBaHHS. MeTOAM MOCTII:KEHHSI: METOOW Teopil ONTUMAaIbHOTO
OIIIHIOBaHHA, METO]] TeOpii BipOTiAHOCTI Ta Teopil BunankoBux mporuecis. PesyasraTn: IlpoBeneHo anamiz
(hakTOpiB, SKi BIUIMBAIOTH HA SKICTh POOOTH AaBTOHOMHOTO MOHITOPHUHTY ITUTICHOCTI CYITyTHHKOBOI
pamioHaBIramiiHOI CHUCTEMH Ta aHadi3 MOXJIMBHMX IUIAXIB MIiABUINECHHS HAIIAHOCTI Ta ILTICHOCTI.
[IpencraBneno anroputm MoHiTopuHTY IimicHocTi CHC Ta kKoHTpomto nmpaBwibHOCTI ¢yHKIionyBanas [HC.
OoroBopennsi: Ha ocHOBI MiJICYMKIB JOCTIPKCHHSI TIPOMIOHYETHCS PO30UTH MPUKIIATHUN MaTeMaTHIHUH
KOMILIEKC, IO J03BOJISIE IPOBOJUTH MOBHHUH UK MOJCIIOBAHHS POOOTH aJrOpPUTMY Ha 3aJlaHOMY eTarli
MOJILOTY TOBITPSHOIO CyJHA TPHU BHKOPHUCTAaHHI ICHYIOUMX YIpYyNMyBaHb KOCMIUYHUX alapariB, a TaKOX
excriepuMeHTanpHuX HaBiramiianx nanux CHC ta IHC, 3apeecTpoBaHuX B X0/Ii TIOJBOTIB.
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Henb: anamm3 MeETOMOB U Mojeneld oOecneueHus (QyHKOuA KoHTpons uenoctHoctu CHC wm
¢dynkmonaneHOr0 AwarHoctupoBanus WHC B ycmoBusix mosera, a Takke pa3paOOTKe anroputMma
mouuTopuara T1enoctHocth CHC ®  KOHTpOJIA TPaBHILHOCTH €€ (YHKITMOHHpPOBAHHUSA. MeToabl:
HCCJIEIOBAHUS: METOABl TCOPHUU ONTUMAIBLHOTO OICHUBAHUS, METOJl TCOPHH BEPOSTHOCTCH U TEOPHH
CIIy4allHBIX TPOIIECCOB. Pe3yjbTaThl: MPOBEACH aHanu3 (aKTOPOB, BIHUSIONIMX HA KayecTBO pPabOTHI
ABTOHOMHOTO MOHHUTOPHHTA IIEJIOCTHOCTH CITyTHUKOBOW paAMOHABHTAITMOHHOW CHCTEMBI W aHAN3
BO3MOXHBIX ITyTE€H TIOBBIIICHUS HANEKHOCTH W IICNIOCTHOCTU. llpemcTaBieH aaropuTM MOHHUTOpPHHTA
uenoctHoct CHC u xoHTpons npaBmwibHOCTH (hyHKIMoHupoBanus MHC. O6cyxkneHne: Ha OCHOBE UTOTOB
WCCIIEIOBAHUS TpeIaracTcs pa30ouTh MPHUKIAIHON MaTeMaTHYeCKUH KOMILIEKC, TTO3BOJISIONIHIA MTPOBOANUTH
TIOJTHBIH IMKJI MOJEIUPOBAHUA PaOOTHl aJTrOpUTMa Ha 3aJaHHOM JTale IoJieTa BO3MYIITHOTO CYyIHA IPH
WCIIONIb30BAaHUU CYIIECTBYIOIIMX TPYNIUPOBOK KOCMHUYECKHX allapaToB, a TaKKe SKCIEPUMEHTATbHBIX
HaBurauunoHHbIx AaHHbIX CHC u MHC, 3apeructpupoBaHHBIX B XOJI€ IIOJIETOB.

KiloueBble ci10Ba: HHEpPUHOHHAs CHUCTEMa; MHTErpanusl; LEIOCTHOCTh; CIIyTHHKOBAas CHCTEMA;
(byHKIIOHANBbHOE TUAarHOCTHPOBAaHNE
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