L.M. Ryzhkov, M.G. Chernyak

Increasing the Accuracy of Orientation Determination Based on Auto-compensation of Errors 49

UDC 629.7/054(045)
DOI:10.18372/1990-5548.75.17555

'L. M. Ryzhkov,
’M. G. Chernyak

INCREASING THE ACCURACY OF ORIENTATION DETERMINATION BASED
ON AUTO-COMPENSATION OF ERRORS

Institute of Aerospace Technologies National Technical University of Ukraine “Ihor Sikorsky Kyiv
Polytechnic Institute,” Kyiv, Ukraine
E-mails: 'lev_ryzhkov@ukr.net ORCID 0000-0002-4606-454X,
*chernyak dk@ukr.net ORCID 0000-0002-3615-8745

Abstract—An increasing the accuracy of orientation determination of strapdown system based on the
spatial rotation of gyroscopes relative to an object is considered. The subject of analysis is a
mathematical model of the measurement errors of orientation angles, taking into account the constant
biases of gyroscopes. The proposed error model makes it quite easy to evaluate the efficiency of auto-
compensation. It is shown that the problem may be reduced to integrating the direction cosine matrix that
determine the position of the sensitive elements in the reference coordinate system. The results of
theoretical analysis and simulation confirm the high efficiency of this method for increasing the accuracy

of measuring kinematic parameters.

Index Terms—Auto-compensation; rotation; errors.

I. INTRODUCTION

One of the methods for creating autonomous
high-precision strapdown inertial systems is the
auto-compensation of sensor errors. A promising
scheme for implementing this approach is the forced
rotation of the block of sensitive elements [1] — [3].
An integral part of the general task is the task of
increasing the accuracy of determining the angular
orientation of an object, which is also of great
independent importance. Of paramount importance
is the choice of the laws of spatial rotation of
sensitive elements, which, in turn, necessitates the
construction of a mathematical model of errors.

II. PROBLEM STATEMENT

We consider that the sensitive elements (three
gyroxcopes) are installed on a platform that rotates
in the suspension (Fig. 1) relative to the object
according to the laws o, =nt, o, =n,t.

Fig. 1. Suspension

Let us evaluate the effectiveness of this scheme
for auto-compensation of gyros errors.

III. PROBLEM SOLUTION

The transition from the coordinate system
OX,Y,Z, connected with the the

coordinate system OX)Y,Z connected with the

platform (Fig. 2) is defined by the matrix B, .

object to

Fig. 2. Used coordinate systems

COSG, C0SG, —CO0SC,sinG, sino,

0 (1)

—sino, cosG, sinoc,sinc, coso,

sinc, €0s0o,

We see that the matrix B, does not contain

constant components if the angular velocities n, and
n, are different.

The transition from the coordinate system
OX,Y,Z, to the reference (fixed) coordinate system
OX )Y Z is defined by the matrix B, . This matrix is
found as a solution of Poisson's equation
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B,=BXQ,, )
where
0 _(DZ/; (D,V/;
Q = o, 0 - o,

- (D.V/; (DX b 0

T .
mz[mxh o, (DZJ is the vector of body angular

velocities.
In addition to the useful angular velocities, the
vector of the output signals of the gyroscopes

T
[mx O, O ] also contains the constant biases of
P P P

gyroscopes @, = [0, ©, o, ]" and the projections
of the angular velocities of the additional rotations
to find the

angular position of the object using the output
signals of the gyroscopes, it is necessary to subtract
the corresponding angular velocities of rotation of
the platform relative to the object and difference

project into the coordinate system OX,Y,Z, :

. T
[nsinc, n cosc, n,| . Therefore

o .
s ", n,sinc,

o, |=B,|| o, |—-|ncosc, || 3)

0 n

@, (sz 2

The device value of body direction cosine matrix

B, is sought as a solution to the Poisson equation

B, =B, 4)
where
0 - (DZ/; 0)}/
Qb = (DZ/; 0 - (Dx/;
_(D}’/; b 0

For an analytical evaluation of orientation errors,
we will write this expression in the form

B,=B,(Q,+BQ,B"), (5)

where

0 -0, Q,
Q,=|Q, 0 -0
-0, Q, 0

dx

Considering the estimation error A, of the

"ideal" matrix B, to be small, we write

B,=(I+A,)B,, (6)
where
0 —¢, g
Ag =| &, 0 —¢ | is the small skew-symmetric
-£, ¢ 0

matrix of errors, which is recorded in the coordinate
system OX )Y Z .
Then we will write it down

A, B,+(I1+A,)B,

G
=(I+A,)B,(Q,+B,Q,B,')
Neglecting the product of errors, we will have the
following expression

Q =BQB". ®)

where Q =A 5> B=B,B, ~ the transition matrix
from the coordinate system OX)Y,Z to the

coordinate system OX Y Z .

This expression can be thought of as changing
the transformation when the basis changes

Matrix equation (8) corresponds to a vector
equation

¢= Bo,, 9)

where €=[g, &, & ]' is the error vector in the

coordinate system. OX Y Z .

Using an expression (9) simplifies the solution of
the problem, since in this case the analysis of the
movement of the object is performed before the
analysis of errors, while when using an equation (4),
these tasks are studied together.

That is, for constant gyroscope errors, the task is
reduced to matrix B integration, and for a stationary
object — to matrix B, integration.
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The integral of the matrix B, is equal to

l(sin(n]—n2)t+sin(n]+n2)tJ l[cos(n]+n2)t—1_cos(nl—nz)t—lJ _cosmt—1
2 n,—n, n +n, 2 n +n, n,—n, n,
cosn,t—1 sinn,t
J, = -2 - 2 0
n, n,
1 cos(n]+n2)t—1+cos(n]—n2)t—1 1(sin(n —n,)t sin(m +n,)t sinn,t
2 n, +n, n, —n, 2 n, —n, n, +n, n,

The matrix of time-independent components is

Errors are defined as the difference between the

values of the angles in the presence of gyros errors

0 m 1 and the values in their absence.
n—-n, n Errors in the presence of rotations are shown in
1 Fig. 4,
J, = — 0 0 (10) s
n, x10" :
n (@] psi |\
-— 1 > 0 0 3 — — -teta \
n —n o 7N mphi TN
L " 2 i 5 & P >/ \
From these matrices, we can see that the angular ot O ﬁ/' - \/
.. . . = \ e
velocities of rotation 7, and 7, must be different. = . N
. © <7
The presence of odd powers of rotation
frequencies indicates the feasibility of using reverse 0 2 4 6 8 10
Time

rotation to increase the effectiveness of this method
of self-compensation of errors

Note that the matrix with constant components is
of great importance when calculating velocities and
coordinates in INS due to the projection of
gravitational acceleration on the sensitivity axes of
accelerometers.

To assess the accuracy of this method will accept

Oy =0, =0, =10, /h, no=1lc’', n,=2c",
n,=2c", o, =1co0s0.12,° /s, o, =2c0s0.22." /s,

®, =3cos 0.3, /s.

Errors in the absence of rotations according to the
equation (4) are shown in Fig. 3.

[@)] psi /]
8 0.1 | = = =teta | > vy ]
o —-=-=phi |7/ X
o -~ |
= Y22
® 005 ,"X,Z
@ =2 /
2 Sa
g .

0
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Time

Fig. 3. Errors of angles

Fig. 4. Errors of angles

The errors presented in Fig. 5 are determined in
the presence of rotations by the formula (9)

x107°
2
o SN
[0} .
ko] ! /\
o 1 Aeof ~N— = -y}
4 . —_———
g |y el
5 g
3’ \
c \.\
© :
0 2 4 6 8 10
Time

Fig. 5. Errors of angles

We see that during rotation there is no unlimited
growth of errors over time.

Also we see expediency of using an approximate
formula (9) for performing analysis.

IV. CONCLUSION

The high efficiency of using the rotation of
sensitive INS elements to reduce the influence of
their constant errors on the accuracy of determining
navigation parameters is shown.
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JI. M. PuxkoB, M. I'. Yepusik. IligBuIIeHHS] TOYHOCTI BU3HAYeHHsI OpicHTALIlI HA OCHOBIi aBTOKOMIEHcAIil
MOXHOOK

Po3riisiHYyTO MiABMINICHHS TOYHOCTI BH3HAUCHHS oOpieHTAIll Oe3riaT)OpMHOI0 CHCTEMOIO0 Ha OCHOBI IPOCTOPOBOTO
o0epTaHHsI TipOCKOMiB BiHOCHO 00’ekTa. [IpeaMeroM aHami3zy € MaTeMaTHYHA MOJENb MOXUOKM BUMIPIOBaHHS KyTiB
opieHTaNii 3 ypaxyBaHHSIM IMOCTIHHHMX 3CYBIB TipOCKOIIB. 3alpONOHOBaHAa MOJENb MMOXHOOK JO3BOJISIE AOCHUTH JIETKO
OLiHUTH e(eKTUBHICTh aBTOKOMITeHcallii. [loka3aHo, 1110 3a7auy MOXKHA 3BECTH JIO IHTETPYBaHHS MATPHII HANPSIMHUX
KOCHHYCIB, sIKi BU3HAYAIOTh TTOJIOKEHHS YYTIMBUX EIEMEHTIB Y CUCTEMI BIITIKY KOOpAHHAT. Pe3ynbratu TeopeTHaHOro
aHaNi3y Ta MOJCIIOBAHHSA IMIATBEPIKYIOTh BHCOKY €()EKTHUBHICTH MAHOTO METOMY [UIS IiJBUINECHHS TOYHOCTI
BHMIpIOBaHHS KiIHEMaTHYHHX ITapaMETPiB.

KirouoBi ciioBa: aBTOKOMITEHCAIIST; 0OCPTaHHS; TOMUJIKH.
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