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Abstract

In this paper the problem of increasing the accuracy of inertial navigation system of an aircraft in the absence of high-precision
additional information sensors, such as GPS, has been studied. It is proposed to install angular acceleration sensors on the gyro-
stabilized platform of the inertial navigation system. The use of signals from the angular acceleration sensors made it possible to
generate correction signals for the inertial navigation system. Correction algorithms have been developed in the structure of the inertial
navigation system and in its output signal. The effectiveness of the developed algorithms has been demonstrated using semi-natural
simulation with the Ts060K inertial navigation system.
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MI'TY um. H. 3. bBaymaHna

AnropnTmMbl KOMMNIEKCUPOBaAHUA UHEpPLUUaNbHON HaBUFraLMOHHOU CUCTEMbI
C AaTyMKaMm YrrnoBbIX YCKOPEHUN

Hccaedosana 3adaua nosviuenuss mo4Hocmu HAGMEOOPMEHHOU UHEPUUANbHOU HABUAUUOHHOU CUCMeMbl A1emamenbHoeo
annapama 6 ycA08UAX OMCYMCMEUS 8bICOKOMOUHbIX OONOAHUMEAbHbIX 0amuukoe ungopmauuu, Hanpumep GPS. IIpedno-
JCEHO YCMAHOBUMb HA 2UPOCMAGUAUZUPOBAHHYIO NAAMOOPMY UHEPUUANbHOU HABUSAUUOHHOU cucmembl 0amH4UKU YeA068biX
yckopenui. Hcnoav3oeanue cuenanog ¢ 0amuukKo8 yea08blX YCKOPEHUl NO380AUAO CHOPMUPOBAMb CUSHAAbL KOPPEKUUU 0N
UHEePUUAAbHOU HABUAUUOHHOU cucmeMmbl. Pazpabomanbl areopummol KOppeKuul 6 CMpyKmype UHepyuaibHol HagueayuoHHOU
cucmembl U 6 ee bIX00HOM cueHane. Dpgexmuenocms pazpadbomanHslx an120pUmMMo8 NPOOeMOHCMPUPOBAHA C NOMOUBIO NOAY-
HAMYpHO20 MOOeAUPOBAHUA C UHEPUUAAbHOU HaguayuonHol cucmemoti L[060K.

Karwueevie caosa: semamenvHulil annapam, UHepUUAIbHAA HABUAUUOHHAA cucmema, damuuk yenoewlx yc;copeHuL?, Kop-
peKuyus, areopummsvl KomneHcayuu 0mu601€, noayHamypHoe MO@@/!MPO@GHM@
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Introduction

Aircraft control is carried out on the basis of
information about its location, speed, acceleration
and orientation angles. This information is obtained
from various measuring systems. Aircraft measu-
ring systems are based on various physical principles
[1, 2], one of the most common types of aircraft
measuring systems are gyroscopic systems [1, 3].
Gyroscopic systems, in particular gyro-stabilized
platforms (GSPs), make it possible to materialize
the accompanying trihedron of coordinate system
in which the parameters of orientation and naviga-
tion of the aircraft are determined. For example,
an inertial navigation system (INS) consists of a
GPS and accelerometers installed on it [4, 5]. With
the help of the GPS, the given orientation of ac-
celerometers along the axes of accompanying trihe-
dron of selected coordinate system is determined.
INS tuned to the Schuler period is invariant to
horizontal accelerations, but its errors increase with
time, which is due to gyroscope drift, zero offset
and accelerometer drift, as well as other perturbing
factors. INS with high-precision gyroscopes and
accelerometers has higher accuracy, however cost
more. When the applied INS on aircraft with ele-
ments of low accuracy, the accuracy of INS can
be significantly improved by attracting additional
information from various sensors and systems.

Currently, for the correction of aircraft measuring
complex, it is usually proposed to use classical estima-
tion algorithms. As a rule, this is the Kalman filter
and its various adaptive modifications [6—8]. Howe-
ver, these filters can not allow correction of aircraft
measuring complex when the signal from an external
source is temporarily absent. Over time, the GSP de-
viation angles increase and the parameter readings of
INS become unreliable [1, 9], and a significant in-
crease in the accuracy characteristics of INS can be
achieved with the corrective devices [10, 11].

The reference coordinate system is implemented
by GSP. However, the GSP deviates from the given
position due to gyroscope drift, zero offset and ac-
celerometer drift, and errors of the first integrator.
A significant increase in the angles of deviation of
GSP leads to the drift of GSP, in this case, mo-
ments of residual imbalance around the precession
axes of gyroscopes, anisoelasticity of the GSP, and
gyroscopes during oscillation and vibration of the
base all will lead to the drift of GSP. Consider-
ing that errors of the autonomous INS increase
with time, in order to obtain reliable information
about the orientation of aircraft, it is necessary to

compensate for deviations of GPS from the given
position.

The most common INS correction scheme in-
volves the application of Global Positioning System
(GPS) [12, 13], while, GPS signals are subject to
active and passive interference, therefore, it is not
possible to receive reliable navigation information
from GPS.

In the absence of GPS signals, other sensors can
be considered and applied to correct INS, for ex-
ample, angular acceleration sensors (AAS). The use
of AAS for integration with INS can significantly
improve the accuracy of navigation information and
information about the orientation of aircraft with
low-cost INS elements. For that, algorithms for
INS complex with AAS need to be developed. The
paper proposes two algorithms for complexing. The
first correction algorithm in the INS structure, and
the second algorithm can help to carry out a cor-
rection in the INS output signal.

The efficiency of the developed algorithms for
complexing has been validated through semi-natural
simulation. Two series of experiments are conducted
with a serial INS Ts060K: the first series — INS is in-
stalled on a fixed base, and the second ones — INS is
installed on the stand and the mode of the oscillating
base is set. Results of the experiment are presented in
this paper, the accuracy of INS with AAS is compared
with an autonomous INS, an INS with correction
in the output signal using an adaptive Kalman filter
[6—8] and an INS with correction in the structure
using a controller [14, 15]. When correcting the INS
with Kalman filter and the controller, GPS signals are
used, this correction is often applied and allows to get
the highest possible accuracy. When there are no GPS
signals, it is suggested to use AAS. The possibilities
of the developed algorithms are shown in comparison
with INS without correction and INS and GPS with
the most effective correction.

This paper organizes as following structure. The
first section is devoted to the development of an al-
gorithm for integrating INS with AAS and a correc-
tion algorithm in the INS structure is formed. In the
second section, a method for correcting the output
signal of INS is proposed. The third section contains
information about a semi-natural experiment that
proves the effectiveness of the developed algorithms.
The conclusions contain a brief summary of the work.

Prospects for further research are related to the
study of proposed algorithms under the conditions
of a flight experiment, as well as a more detailed
study of the processes of accumulation of INS er-
rors using nonlinear INS error equations
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Algorithm for complexing INS with AAS
during correction in the structure of INS

Improving the stabilization accuracy of GSP used
in the INS is achieved by introducing a significant
number of corrections to the readings of system el-
ements during the prelaunch preparation of INS.
The introduction of corrections is associated with
the accuracy of their calculation and implementa-
tion, in addition, with the scarce time consumption.
In this regard, there is a need to find other methods
to improve the accuracy of GSP. One of such meth-
ods can be the use of angular acceleration sensors
(AAS) as such external information sensors in the
INS correction scheme. The installation of three
AAS devices with orthogonal measuring axes on the
GSP allows obtaining information about the angu-
lar movements of GSP, which can be implemented
to correct the position of platform in space.

In this scheme, correction will be carried out by
applying signals, the signals are generated according
to the readings of AAS both to the corresponding
torque sensors of GPS gyroscopes, and to the out-
put information of INS. Therefore, It is possible to
correct the signals of accelerometers installed on
the GSP or their integrals with time.

The possibility of correcting INS of GSP by in-
troducing information from AAS is considered. In-
stalling three AAS with orthogonal measuring axes
on the GSP allows to obtain information about the
deviations of GSP from the initial position in iner-
tial space. Signals received from AAS in the forma-
tion of corrective signals are delivered to the cor-
responding torque sensors of gyroscopes, and will
lead to the precession of GSP in the direction of
reducing stabilization errors. Here we consider such
possibilities on the example of a simplified equation
of AAS motion and the precessional motion of one
GSP channel:

k,0=J,0M,; Ho=Ms+M,, (1)
where o — angle of deviation of GSP from the ini-
tial position in inertial space; 6 — angle of deviation
of the sensitive mass of AAS relative to the GSP; H
is the own kinetic momentum of GSP gyroscope;
k,, — rigidity of electric spring of AAS; My — exter-
nal perturbing moment around the gyroscope pre-
cession axis; M), — corrective moment around the
gyroscope precession axis; J,, — inertial moment of
the sensitive mass of AAS relative to the suspension
axis, M, — external perturbing moment around
suspension axis of the sensitive mass of AAS.

The correction signals are genereated from in-
formation of ASS, and they are transferred to the
torque sensor of GSP gyroscope: M, = M, (). Then
expressions (1) can be written in the following form:

d:Mk(e)+%
H H

o Tug, Mu @
ok, Ko
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M, (8) = k] 0(d1)*. 3

Substitute eq. (3) in the second equation of sys-
tem (2), and then into the first equation of system
(2), we have
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For the case in conditions
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M, =const; M, =const; a(0) = a,.
The solution of equations has the following form:
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Thus, when GSP is corrected in eq. (3), the per-
turbing moments around gyroscope precession axes
no longer lead to an increase in GSP stabilization
errors, but the systematic errors of AAS still have
a significant effect on the stabilization accuracy. In
this situation, when the systematic errors of AAS are
small or practically absent, which is possible with an
appropriate choice of the coefficient k,, a significant
increase in the accuracy of GSP stabilization com-
pared to an uncorrected system can be obtained, and
for this, an inequality should be satisfied as

k

m

M;

m

ky >

The possibilities of GSP correction based on in-
formation from AAS to improve accuracy of GSP
stabilization are largely related to the accuracy of
AAS. High-precision AAS will reduce GSP stabi-
lization errors caused by the systematic drift of gy-
roscopes. Also, it follows from this that the GSP
corrected by AAS signals in the form (3) does not
require the installation of precision gyroscopes on it.
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Correction of ins by ass signals
in the output signal of ins

Now we consider correction of the output in-
formation of INS accelerometers by the signals of
AAS. The output information of INS accelerom-
eters are apparent accelerations, measuring axes of
accelerometers are rigidly connected to the GSP.
Therefore, in the presence of GSP stabilization er-
rors, accelerometers that measure the apparent ac-
celerations of basic motion not along the axes of
accompanying trihedron by the accepted naviga-
tion coordinate system, but along the axes rigidly
connected to GSP, and which depend on the GSP
stabilization errors will be contained in the output
information components.

Define that v, v,, 0, are projections of appar-
ent motion acceleration on the axis of accompany-
ing trihedron, v,,v,, O, are projections of appar-
ent acceleration on the axis of GSP. Taking into
account the matrix of direction cosines [16, 17], fol-
lowing dependencies between the indicated projec-
tions are obtained:

Uy = Vg +V 00—V + A0,

V]

@)

l.)z = UC +U&H_UT]B+AUZ.

Here AV; (i=x,y,z) are accelerometer mea-
surement errors. Thus, stabilization errors in GSP
lead to errors in determining the projection of ap-
parent acceleration on the axis of accompanying
trihedron, and we designate them as

dv, =v

60y

dv, =vepu -V, B+ Av,.

a0 — L+ AL,

=-v:0 -V P+ AV,

®)

The task is about at least partially compensate
for the errors by eq. (5).

Information from the AAS, and measuring axes
of which are collinear to the axes of GSP, will
makes it possible to generate compensation signals
that are close in magnitude to the errors in eq. (2),
and thereby partially compensate them.

If the signal from AAS is formed by analogy with
(3) and presented in the following form:

U, = _k3” ex(dt)2a
u, =—ks[[0,(dr)?,
u, =—k;[[0,(dr)?,

(6)

where
9x =_J_B+b,
k,, k,,
ey=—£—:u+ﬁ,f;m, ™
0, :—'li—’"dJr kz’”.

m m

Coeffient k5 is chosen as k5 = %
m
Taking into account coeffient ks, after substi-

tuting expressions (7) in (6) and integration, the
expressions for signals with AAS can be obtained in
following expression:

e =B = [[ M (e,

ty = 1= [ M), ®)

Z

u, = o —iijzm(dt)z.

The constants of integration are considered in
the last components.

Using information from accelerometers and AAS
located on the GSP, it is possible to generate com-
pensation signals 8V, 80, 80, according to the
following rules:

OV =V, U, —0 U,
©®)

OV ==V, U, + VU Uy

OV =V, U, —0 U,

The supply of signals in eq. (9) with opposite
signs to the output information of INS accelerom-
eters means allow to compensate for the main com-
ponents of errors.

INS correction in the output information has an
advantage over correction in the system structure,
since it does not affect the GSP dynamics. The in-
tegration of INS in AAS could improve the accu-
racy of obtaining navigation information about the
aircraft. The presented method is expedient to apply
in conditions when information about the naviga-
tion parameters of a dynamic object cannot be re-
ceived from more accurate sensors, such as GPS.

Results of semi-natural simulation

For the purpose of checking the function per-
formance and quality of the proposed algorithms,
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results of semi-natural simulation with a real INS
Ts060K are used. In the process of installing INS
on the basis of the stand, the accuracy characteris-
tics of system in statics are determined.

Since the system is installed on a fixed base, the
position and velocity outputs are correspondingly
INS errors. Navigation information is removed from
the output and display unit visually after 5 minutes.

At the output of INS, errors in velocity, the de-
viation angles of GSP from the horizon plane are
registered.

Modeling according to the data of a laboratory
experiment is carried out using a nonlinear Kal-

e — ——

Fig. 1. The simulation result of INS error in offline mode and with
correction, where 7 — INS error in determining velocity in au-
tonomous mode (without correction); 2 — INS error in determin-
ing velocity after correction using the control algorithm [18—20];
3 — INS error with correction in the structure from AAS

Fig. 2. Diviation angles of GSP, where I — deviation angles of
GSP of the real system; 2 — estimations of the GPS deviation
angle using adaptive Kalman filter [3]; 3 — deviation angle of GPS
with correction from AAS in the output signal

Accuracy of INS correction using AAS in the structure,
and a linear adaptive Kalman filter

Complexing system Correction Correction accuracy
INS + AAS accuracy on on a oscilating base
in sturcture a fixed base 65 % 68 %

INS + AAS 70 % 60 %

in output signal

INS + GPS 85 % 72 %

man filter. The simulation results are presented in
Fig. 1, 2.
The correction accuracy of INS using AAS, lin-
ear adaptive Kalman filter is shown in the Table.
When the INS is corrected by GPS signals with
Kalman filter, the measurement sample contained
15 % of anomalous measurements.

Analysis of simulation results

The results of semi-natural modeling have dem-
onstrated high efficiency of the developed complex-
ing algorithms, accuracy of INS correction using
GPS and the adaptive Kalman filter is the highest.
While when it is not possible to use GPS signals,
an autonomous INS is applied. Autonomous INS
errors are large and increase over time. Therefore,
it is proposed to reduce them by combining INS
with AAS, and complexing algorithms have been
developed. The effectiveness of the proposed cor-
rection algorithms is explained by the fact that in
the absence of GPS signals, it is possible to increase
the accuracy of navigation determinations of air-
craft velocity by an average of 30 %; angle of devia-
tion of the GSP — 45 %. These values are obtained
in comparison with the autonomous INS Ts060K.

Conclusion

Simple algorithms for combining INS and AAS
have been developed in this paper. These algorithms
could carry out INS correction in the absence of
high-precision additional navigation systems such
as GPS. Algorithms for integrating INS with AAS
are proposed, which make it possible to carry out
correction in the INS structure and in its output
signal. The effectiveness of the proposed algorithms
has been verified using a semi-natural experiment
with a serial platform INS Ts060K. Based on the
results of experiment, it can be concluded that the
integration algorithm in the INS structure is more
accurate under the conditions of aircraft maneu-
vering. In the horizontal flight of the aircraft at a
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constant velocity, the correction algorithm in INS
output signal shows a higher accuracy. For further
verification, this conclusion needs to be confirmed
under the conditions of a flight experiment.
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