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CALCULATING METHOD OF ERROR CALCULATIONS
OF THE OBJECT COORDINATION BY MEANS OF CONDUCTING PLATFORM
FREE INERTIAL NAVIGATION SYSTEMS OF A UNMANNED AERIAL VEHICLE

A further development of the method of calculating the errors for the coordinates of the binding objects and the angle pa-
rameters of the orientation of unmanned aerial vehicles is obtained. Errors of determination of coordinates develop due to
the impact of wind gust and turbulence of the atmosphere on light unmanned aerial vehicles. The main feature of the
method is the ability to determine the error of the coordinates of the objects, depending on the direction and force of influ-
ence on the unmanned aerial vehicle. The magnitude of the external influence determines the value of the deviation from
the trajectory of motion. The developed method can be applied with limited mass-size characteristics of an unmanned air-
craft. It also determines the values of measurement errors regardless the distance between the points of measurement. Limi-
tation to the application of the method can only be the ability of the appropriate sensors to measure the distance from the
unmanned aircraft to the object of anchor. Possibilities of determining the coordinates of an object of binding with accuracy
within units of measure are presented. This is achieved by measuring the angular coordinates with sensors of the navigation
system accurately within a hundred miliradian. An algorithm for calculating the error of determining the coordinates of the
binding object is presented. The algorithm is the further development of the sub-algorithm for calculating the angle parame-
ters of the orientation of an unmanned aerial vehicle relative to the geographical coordinate system. The presented algo-
rithm should be used before the start of the session of the correlation-extreme navigation system. The statistical simulation
of the proposed method and algorithm is carried out. The results of the simulation indicate that the magnitude of the error
of determining the coordinates of the binding object depends on the accuracy of the measurement of the angular parameters
of an unmanned aerial vehicle. The results of the numerical estimation of the errors of measurement of coordinates of the
binding objects are presented, depending on the accuracy of the measurement of the angular parameters of the unmanned
aerial vehicle. The requirements for the accuracy of measuring the angular parameters of an unmanned aerial vehicle are

determined, which provides a high accuracy of measuring the rectangular coordinates of the object of anchor.

Keywords: platform free inertial navigation systems, binding object, system of rectangular coordinates, angle of vision.

Introduction

Depending on the type of aircraft and the tasks as-
signed to it, the various types platform free inertial
navigation systems (PFINS) are used to navigate it [1,
2]. The composition of such PFINS may vary depending
on the requirements for their exact characteristics. The
work [3, 4] shows the results of the analysis of the char-
acteristics of some typical PFINS. The accuracy of the
coordination of such systems varies from 5.5 to
37 km/h. Micromechanical gyroscopes and microme-
chanical accelerometers are generally used as sensitive
elements in systems with low precision [5, 6].

At the same time, the PFINS, which is installed on
the light and middle unmanned aerial vehicle (UAV)
classes, is subject to the influence of external factors, in
addition to the low accuracy of the coordinates. Such
factors include turbulence in the atmosphere and wind
gusts. This leads to the occurrence of additional errors in
the measurement of angular and spatial coordinates of
UAV. To solve this problem, algorithms are being devel-
oped that compensate the errors of sensitive elements [6].

The algorithm for determining the orientation pa-
rameters of PFINS consists of four sub-algorithms [7]:

1. Algorithm for determining the initial matrix of
orientation.

2. Algorithm for calculating the matrix of the mu-
tual orientation of the basis associated with UAV. This
algorithm can be constructed on the basis of Poisson
matrix modified solution of rotation equation or on us-
ing intermediate orientation parameters (Rodrigo-
Hamilton parameters).

3. Algorithm for calculating the angular parame-
ters of the UAV orientation relative to the geographic
coordinate (calculating the true course, roll, pitch).

4. Algorithm for converting the signals received
from accelerometers to the geographical coordinate sys-
tem for the use in the navigation algorithm.

The source of the algorithm information in the in-
ertial orientation system is the angular velocity projec-
tion. They are obtained based on the signals of three
sensors of angular velocities and calculated projections
of the absolute-angular velocity of the geographical
triangular [8, 9]. However, the use of PFINS on small
and middle UAV has limitations on the mass-grossing
characteristics. In this case, the number of sensors can
be reduced [10, 11]. This makes it unnecessary to de-
velop an appropriate calculation method and algorithm
for determining the standard errors (SER) of the PFINS,
in relation to the reduced number of sensors.

The purpose of the article is to develop a
method of calculation and algorithm for determining the
errors of the place of definition of the binding objects
and angular coordinates of the UAV.

The main material

Let's consider the possibility of determining the er-
rors of the PFINS by measuring the distances between
the positions of the UAV, from which the measurements
of the UAV to the object of bindings (OB) are carried
out.

In fig. 1 rectangular coordinate system of the
PFINS UAV position relative to OB is presented. It
turns out that in order to determine the coordinates of
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the OB for geometric reasons it is necessary to deter-
mine at least two values of the angles of vision. That is,
the measurement of the angle of reference must be made
from two different positions of the UAV with known
coordinates.

Let's assume that at the time t, PFINS makes
measurements of the angle at a rate at point A. At the
time t, PFINS makes measurements of the angle at a
rate at point B.

z
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.
N

Fig. 1. Spatial position of the UAV relatively
to the OB in the system of rectangular coordinates

Without lowering the generality of the considera-
tions, it is assumed that the UAV is moving from point
A to point B only in the area xz with the coordinate x.
Then the geometric conditions of the OB's visibility will
be represented in accordance with fig. 2.

Fig. 2. Spatial position of UAV relatively
to the OB in the area zx

Let's determine the coordinates of the OB relatively
to the positions of the UAV at different times. For this we
will consider following. The coordinates of the point A —
X1, Zy The coordinates of the point B — X,, Z,. Distance
from point A to OB — R;. Distance from point B to OB —
R,. Based on fig. 2 system of equations that defines the
coordinates of OP in time t we'll present as:

XOB =Xy +R2 Sinez;
Yop =0; (1)
ZOB =0.

In accordance with fig. 2 we'll note the corre-
sponding distances as:

AB:XZ—Xl,BC:X3—X2,AC:X3_X1. (2)
From fig. 2 it shows that the angle
v1=0;-6;.

By lowering the intermediate calculations it can be
shown that from the triangle ABO the distance R, from
the point of reference A to the OB will be expressed by
the expression:

Ry = (x; =x2) x
(x2 = xp)

sino

8 _ cos 6, 3)
Sin(e] — 92)

sin(0; — 0,)
Then the OP coordinates can be defined as:

cos 0y sin0,

sin(0; —0,) @

XoB = X3 +(X2 —X1)

Let's assume that UAV moved from point B to
point C. Then, according to fig. 2 coordinates of OB can
be defined as follows:

cos 0 sin 05

sin(0; —03) ©)

XoB = X3 +(X3—X1)

The right-hand sides of equations (4) and (5) de-
termine the coordinates of the OB, so they can be
equated:

cosb); sinb, cos6; sinbs
sin®; —6,) sin@; —63)

Determine the distance between the points B and C:

. (6)

Xp+(X2 —X1) =X3+(X3-Xq)

cosb); sinb, cos6; sinbs
sin@l - 92) Sin@l - 93)

The equation (7) is the basis for the determination
of the PFINS SER. Suppose that under the influence of
some factors there was a shift in the position of the
UAV in accordance with fig. 3. The magnitude of the
displacement is determined by the force of influence on
the object of navigation.

Let's assume that there was a shift of UAV from
point B to point B'.

Then, in accordance to expression (7), we write:

X3 —Xp =(X3 —X1) —(x3—X1) (D

cos 0y sinf,
sin(@l —92)

cos 07 sin 05

AXop =B LOST ST
oB sin(0; —03)

(b+Ax) (8)

For small angle deviations 05 from the angle 0,
expression (8) we write:

cos 07 sin 6,

AX =A .
OB = Gin(0, —0,)

)
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Fig. 3. A displacement of the spatial position
of the UAV relatively to the OB in the area zx

Proceeding from (9), the expression for determin-
ing the influence of the deviation of the UAV on the
determination of the coordinates of the OB is pro-
posed:

AXop _ cos0;sin0, (10)

AX sin(@l —92)

Let's take into account that, Ax =Vt, V — is the
rate of displacement of UAV. Then the expression (10)
allows us to estimate the error in determining the co-
ordinates of the OB in dependence, for example, on the
rate of wind gusts.

The obtained analytical expressions can be ex-
tended to the case when there is a change in the spatial
position of the UAV under other parameters. In case of
a change in the spatial position of the UAV at the co-
ordinate Y, the system of equations (1) will have the
form:

XoB = X5 + R, 8in0y;
Yo = ¥ + Ry cos0,; (11)
Zog = 0.
Taking into account (2) the system (11) will take
the form:

1

Xop =X + ——— %
OB =27 sin(0; - 0,)
x[(y2 — y1)cosB; — (x5 — x1)sinB; |cosB,;
YOB = YZ + (12)

- X
sin(Ol - 92)

x[(y2 — y1)cosB; — (x5 — x1)sinB; |cosB,;
ZOB = 0

In accordance with (12), the expressions for de-
termining the influence of the deviation of the UAV on
the determination of the coordinates of OB based on
(10) are presented:

cos 0;sin B,

AXop(AX) = ; 13
on(4x) =2 0 (13)
AXop(Ay) =
14
=— sin©; cos0,Ay; (19
sin(6; —
AYop(Ax) =
15
= .;sin 6, cos0,Ax; (15)
sin(0; —
AYop(Ay) =
(16)

1 . ;
= ————cos 0, sin6,Ay;
sm(el - 92)

The influence of the errors of various parameters
that determine the orientation of the UAV, on the error
of the PFINS link can be found in a linear approxima-
tion. This will be done by decomposition of a number
of OB coordinates ( X, Yo ), Which can be defined

as follows [12]:

XOB = 1:j(xls X23 yls y23 e]s 62)9
(17)
Yo = B (X1, X2, ¥1, ¥2, 01, 07).

As a result, we obtain the expression for the er-
rors of coordinates, which we calculate according to
the formulas:

F
AXOB = aFl AX] + — aFl yl + a_lAX2 +
X1 5}’1 0X
F
aﬁ \'%) + — 1 AGI 0 —L Aez,
8y2 00, 00, (18)
You = I2 px, 1+ 2 2 Ay; + —2Ax, +
OB = X+ 1 2
0x4 oy, 0X5
F
5}’2 661 662

where AXp,AX,,Ayy,Ay,, ABy,AB, — errors of the
initial data;
OF  oF 6F
ox; dyy

and F, on-dependent Varlable.

— derivatives of functions F

By differentiating the expression (18) for each
change it is possible to determine the effect of the er-
rors of different parameters that determine the orienta-
tion of the UAV. This allows you to find total errors.

Implementation of the developed method is
shown in fig. 4 in the form of a structural scheme of
the algorithm for determining the coordinates of the
SER and the angular orientation parameters of the
UAV.

The algorithm is based on the measurement of the
distance between the UAV and the corresponding OB,
as well as the knowledge of the coordinates of the
UAYV at the time of implementation of these measure-
ments.
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Fig. 4. The block diagram of the algorithm for calculating the SER coordinates
of the OB and the angular parameters of the UAV orientation

In accordance with the structural scheme of the
algorithm for the determination of the SER coordinates
and angular parameters of the UAV orientation, the
focus was on:

— to determine the number of measurements of the
distances between the UAV and OB;

— to determine the effect of the displacement of the
UAYV on the magnitude of the error of orientation.

In the course of statistical simulation, it was con-
sidered that the only factor affecting the PFINS is the
displacement of the UAV which is due to gusts of wind
and air pockets.

According to the results of the statistical modeling,
it is established that the determination of the impact of
the UAV displacements on the result of the error esti-
mation of the coordinates of the OB requires that the
measurement intervals before the implementation of the
correlation-extreme navigation system should be units
of meters.

For simulation conditions, shown in Fig. 3, this in-
terval should be about 20 m. In this case, the range of
change in the accuracy of the measurement of angular
coordinates was within the limits o ~(0,05...0,2) of

mrads. In this case, the SER coordinate is provided
o(Xop), o(Yop) = (5...30) m.

Numerical calculations of the dependence of the
SER on determining the coordinates of the OB from the
distance between the measuring points are presented
graphically in fig. 5.

According to the results of statistical simulation of
the process of determining the error of the coordinates
of the UAV under conditions of influence of wind gusts,
it is established that the obtained accuracy of the deter-
mination of the coordinates of UAV can be within the
limits of several meters of units provided that the accu-
racy of the measurement of angular coordinates within
the limits ¢ ~ (0,05...0,1) of mrads is ensured.
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Fig. 5. Results of calculating error coordinates:
a— Xpp;b— Yyp depending on the magnitude of the displacement of the UAV

Conclusions

In the article the method of calculating error coor-
dinates of the OB and the angular parameters of the
UAV orientation is presented, which appears to be un-
der the influence of external factors.

The peculiarity of the method lies in the possibility
of forecast and determination of the errors of the coor-
dinates of the OB depending on the direction and force
of influence on the UAV.

The developed method can be applied with the re-
strictions on the mass-dimensional characteristics of the
navigation system to calculate the errors of the coordi-
nates of the OB depending on the magnitude of the dis-
placement of the UAV, irrespective to the distance

between the points of measurement. The limitations of
the application of the method are only the ability of the
respective sensors to measure the distances from the
UAYV to the OB.

The possibility of determining the coordinates of
OBs within several meters of units in the conditions of
ensuring the accuracy of measuring the angular coordi-
nates by the data sets of the navigation system within
the limits of ¢ = (0,05...0,1) mrad is shown.

The algorithm for calculating the errors of co-
ordinate OB and angular parameters of the UAV orien-
tation is presented, which is the further development of
the sub-algorithm for calculating the angular parameters
of the UAV orientation relative to the geographic coor-
dinate system.
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Po3paxyHKoBuIi MeTof 064MCIIeHHA NOXMBOK BUMipY KoopAuHAaT 06’ekTa NpUB’A3KK
6e3nnatgopmMeHHMMM iHepLUitHUMK HaBirawintHUMK cuctemMamu 6e3niNOTHOro fNiTanbHOro anaparty

O. M. Cortsikos, O. b. Tanmtopa, O. 1O. JlaBpos

OTpHUMaHO NOAAIBIINI PO3BUTOK METOLY PO3PaxyHKY MOXHOOK KOOpAMHAT O0'€KTiB NMPUB'A3KM Ta KYTOBHX NapaMeTpiB
opieHTanii 0e3MIOTHUX JiTanbHUX anapaTiB. [JoXuOKKM BU3HAUCHHS KOOPJIMHAT BUHUKAIOTh 332 PaXyHOK BIUIMBY ITOPUBI BITPY Ta
TypOyneHTHocTel arMocdepy Ha Jierki Oe3IiIoTHI niTanbHi anapatd. OcoONIuBiCTh METOLY NOJIATAE Y CHPOMOXHOCTI BU3HAYATH
MOXMOKH KOOPJIMHAT 00'eKTIB B 3aJI€XKHOCTI BiJ HAIPSIMKY Ta CWJIM BIUIMBY Ha Oe3MUIOTHUM JiTanbHUi anapar. Bennuuna 30B-
HIIIHBOIO BIUIMBY BH3HA4a€ BEJIMYMHY BIIXWICHHS BiJl TpaeckTopii pyxy Po3pobiienuii merox Moxke OyTH 3aCTOCOBAaHMI Ipu
00MEKEHHX MacoradapUTHHUX XapaKTepUCTHUKAX Oe3MUIOTHOro JiTalbHOro anmapary. Po3poOneHnil MeTos BU3HAYae BEJIMYMHU
MoXnOOK BUMIpiB HE3aJIe)KHO BiJl BIACTaHI MK TOYkaM¥ BuMiproBaHH:I. OOMEXEHHSIM 3aCTOCYBaHHS METOLY MOXKE OYTH JIHIIe
3[IaTHICTH BIiJITIOBITHUX JAaT4MKIB BUMIPIOBATH BiJCTaHi Bl OE3IIIOTHOrO JIITAJBHOrO anapara 1o o0'ekra npus’si3ku. [Ipeacras-
JICHI MOMJIMBOCTI BU3HAUCHHS KOOPIHMHAT 00’ €KTY IPUB’A3KH 3 TOYHICTIO B MeXaX OJMHUIb MeTpiB. Lle nocsraerscs npu BUMipi
KyTOBHX KOOPJMHAT JaTUYMKaMM HaBIralliiiHOI CHCTEMH 3 TOYHICTIO B MEXaxX COTHX Midipaxian. [IpencraBnenunii anroput™ pos-
PaxyHKY OXUOKH BU3HAUCHHS KOOPAMHAT 00’ €KTY MPUB’SA3KU. AJITOPUTM € TOJANIBIINM PO3BUTKOM CyOalIropuTMy 004MCICHHS
KyTOBHX NapaMeTpiB opieHTauii Oe3MiIOTHOro JITalbHOro anapary BiJHOCHO reorpadidHoi cucremu koopauHar. Ipencrasie-
HHUI aJIrOpUTM JOLIBHO BUKOPHCTOBYBATHU IIE€PEl MOYATKOM CEaHCY POOOTH KOPEALiHHO-eKCTPEMAIbHOI CHCTEMHU HaBirartii.
IIpoBeneHO cTaTUCTHYHE MOJEIIOBAHHSA POOOTH 3aIPOIIOHOBAHOTO METOLY Ta alropuTMmy. Pe3ynbraTu MOJEIIOBaHHS CBiI4aTh
110 BEJINYMHA NTOXUOKHM BU3HAUYCHHS KOOPJMHAT 00’ €KTY MPUB’SA3KH 3aJIEKUTh BJl TOYHOCTI BUMIPY KYTOBHX IapameTpis Ge3ri-
JIOTHOT'O JIiTJIBHOTO amapary. IIpencraBiieHi pe3yabTaTH YUCEIBHOI OIHKM HOXMOOK BHUMIpY KOOPIUHAT 00’ €KTIB NPHB’SI3KH B
3aJISKHOCTI BiJl TOYHOCTI BUMipy KyTOBHX NapaMeTpiB O€3IIJIOTHOro JIITANBHOrO anapary. BusHadeHi BUMOTH 10 TOYHOCTI BH-
Mipy KyTOBHX IapameTpiB Oe3MUIOTHOrO JiTaJbHOrO anapary NpH siKiii 3a0e31euyeTbcst BUCOKA TOUHICTh BUMIPY HPSIMOKYTHHUX
KOOPJHUHAT 00’ €KTY IPUB’A3KHU.

Karw4dosi ciaoBa: GesmargopmenHa iHepuiiiHa HaBirauiiiHa cucrema, 00’€KT IPUB’A3KH, CUCTEMa IPSIMOKYTHHX KO-
OpIMHAT, KYTH Bi3yBaHHS

PacuyeTHbIi MeToa UcUYMCIieHUsi OLLMBOK U3MepeHnsi KoopauHaT o6bekTa NPUBA3KU 6ecnnaTopMeHHbIMU
MHepLUManbHbIMU HaBUrauMoHHbLIMW cUCTEMaMM 6ecnUIOTHOro neTaTesNibHOro annaparta

AM. Cornukos, A.b. Tanmtopa, O.1O. JIaspos

IMonyuun nanbHelee pasBUTHE METO pacyeTa OMIMOOK KOOPIMHAT OObEKTOB MPUBSA3KU U YIIIOBBIX IapaMeTPOB OPHEH-
TaluK OSCIMIIOTHBIX JIETATEIbHBIX anmapaToB. OMWKOKK Orpe/ieNIeHHs] KOOPIMHAT BO3HUKAIOT 33 CUET BIMSIHUSA IIOPBIBOB BETPA U
TypOyJeHTHOCTeH aTMocdephl Ha Jerkue GeCIMIIOTHBIE JIeTaTeNbHble annaparel. OCOOEHHOCTh METO/A 3aKJIF0YAETCS B BO3MOJXK-
HOCTH ONPEJENATh OIIMOKN KOOPANHAT 00BEKTOB B 3aBUCHMOCTH OT HAIIPABICHHUS U CHIIbI BIMSHUS HA OSCIMIIOTHBII J1eTaTeNb-
HbIH anmapar. BesmunHa BHEIIHETO BIMSHUA ONpPEAENAET BEIMYMHY OTKIOHEHHUsI OT TPAaeKTOpHHU JBIDKeHMs. PaspaGoraHHbIN
METOZ MOJKET OBITh PHMEHEH TP OrPaHUUCHUAX Ha MaccoradapuTHbIE XapaKTepPUCTHKU OSCIMIIOTHOrO JIETATEIbHOrO arnapa-
Ta. Pa3paboTaHHbIil METO/ ONpeAeIAeT BEJIMUMHBI OIIMOOK M3MEPEHUH HE 3aBUCHMO OT PACCTOSHHUS MEXKIY TOUYKaMHU H3Mepe-
HUi. OrpaHUYeHHEM HCIIONIb30BAHUS METOJa MOXKET OBITh JIMIIb CHOCOOHOCTh COOTBETCTBYIOIIUX JaTYUKOB U3MEPATh PAcCTOs-
HHS OT OECIMIIOTHOIO JIETATeNILHOTO anmapaTa 0 o0bekTa NpuBs3ku. IIpencraBieHsl BO3MOXKHOCTH ONPEEIeHHUs KOOpUHAT
00beKTa MPUBA3KU C TOYHOCTBIO B IPEJieNax eMHUL METPOB. DTO JIOCTUIAETCs IPH U3MEPEHHH YIIIOBBIX KOOPJMHAT JaTUMKaMU
HABUTALIOHHON CHCTEMBI C TOUYHOCTBIO B IIPEZENax COThIX MMM paiuaH. [IpencraBieH airopuTM pacyera OMMOKH U3MEPEHHs
KOOPJMHAT 00BEKTA MPUBA3KU. AJIFOPUTM SIBJIACTCSA JAalbHEHIIMM Pa3BUTHEM CyOaIropuTMa UCUMCICHHS YIJIOBBIX I1apaMeTpoB
OPUEHTAIMU OECITMIIOTHOrO JIETATENILHOTO alapara OTHOCUTEIBHOr0 reorpadudyeckoil cucreMsl koopauHar. [IpencraBneHHsi
AJITOPUTM 1IEJIECO00PA3HO MCIONB30BATh MEPE]] HAYaIoOM CEaHCca PaboThl KOPPENSLIHOHHO-3KCTPEMAJILHON CUCTEMBI HABUTALIHH.
IpoBeneHo craTHCTHYECKOE MOJEINPOBAHNE PAOOTHI NPEIOKEHHOI0 METO/a U allropuT™Ma. Pe3ynbTaThl MOICTMPOBAHUS CBH-
JIETEIIbCTBYIOT, YTO BEJIMYMHA OIIMOKK ONpeeIeHNs] KOOPAUHAT 00BEKTa MPUBA3KU 3aBUCUT OT TOYHOCTH U3MEPEHHs YIIIOBBIX
HapamMeTpoB OECITMIIOTHOIO JIeTaTelbHOro annapara. IIpeacraBieHsl pe3ynbTaThl YHCIEHHOH OLEHKH OMMOOK H3MEPEHHS KOOp-
JIMHAT 00BEKTOB MPHBA3KH B 3aBUCUMOCTH OT TOUYHOCTH M3MEPEHHS YIJIOBBIX apaMETPOB OECIMIIOTHOIO JIETAaTeIbHOrO armnapa-
ta. OnpenieneHbl TpeOOBaHU K TOYHOCTH M3MEPEHHS YIIIOBBIX N1apaMeTpoB OECIMIOTHOTO JIETaTeIbHOrO amapara npu KOTOpoi
obecrieunBaeTcs BEICOKAsk TOYHOCTh U3MEPEHUsS IIPSIMOYTOJIbHBIX KOOPIMHAT 00BEKTa NPUBSI3KU/

KamwoueBble cjoBa: 6eCHHaT(1)OpMeHHaﬂ HWHEpLHa/IbHAas HaBUTallMOHHAsA CUCTEMA, 00BEKT IIpUBA3KH, CUCTEMA IIPAMO-
YroJIbHBIX KOOpAWHAT, YIJIbl BUBUPOBAHUSA.
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