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Background. Integration of various navigation devices and systems by data combining is widely used for improving the
reliability and accuracy. The classical combining method is that the greatest effect is achieved when combined systems
measure the same parameters, and the frequency characteristics of the measurement errors differ significantly. This makes it
possible to use the classical compensation and filtering scheme using a Kalman filter.

Objective. This article presents the scheme, algorithm and program for combining flight speed data received from the on-
board air data system and data received from the ground-based radio navigation angle-range measuring system. The result of

such combining is used to correct the airspeed measurements.

Methods. The peculiarity of the proposed integration procedure is that it consists of several stages. First, the ground speed
is recovered by optimal estimation based on the angle-range measurement data. At the second stage, the estimated ground
speed is integrated with the airspeed measurements using the compensation and filtering scheme, simultaneously correcting the

airspeed measurements.

Results. To verify the proposed integration scheme and algorithm, computer statistical modelling has been performed using
a Kalman filter. The obtained results demonstrate the possibility of implementing the proposed scheme and algorithm for
correcting the airspeed measurement system with increased accuracy.

Conclusions. The advantages of the proposed design are that the process of ground speed recovery and the process of data
combining are performed separately, which makes it possible to control the correction process.

Keywords: navigation; integration; flight speed; air data measuring system, angle-range measuring system, optimal

estimation.

Introduction

An effective method that improves the performance
of navigation systems is their integration with optimal
signal processing.

Modern aircraft are equipped with a large number of
sensors and devices that can operate on different
physical principles to determine the same navigation
parameters, as well as parameters that may be
functionally related.

The methods of integrating various navigation
systems are quite fully described in many works [1-4].

Unlike known methods and algorithms for
integrating various navigation devices and systems,
which describe the combined mathematical model for
navigation parameters estimation, this article proposes
the scheme and algorithm for phased integration of the
on-board air data system (ADS), which provides
information about airspeed, with measurements from a
ground-based angle-range measuring system (ARMS).
As a result of such integration, the airspeed is corrected
and refined.

Mathematical models of measurement errors

To solve the problem under consideration, it is
necessary to have mathematical models of the

integrated system errors and the functional relationship
between measurements and the parameters being
estimated.

In general, an expression describing the aircraft’s
motion can be written as

r=V, (M

where r is the radius vector from a reference angle-
range system to the aircraft; V is the aircraft velocity
relative to the ground.

The velocity in (1) can be written, taking into
account the errors of velocity determination, in the form

V=V, +AV, )

where V, is the aircraft velocity determined by the air

data system; AV is the air data errors. These errors

may be caused by wind and heading system errors.
Considering the process of aircraft motion in a

rectangular coordinate system X-y, we can write

k=, +AV,;

. 3)
y=V,, +AV,,

© The Author(s) 2025. Published by Igor Sikorsky Kyiv Polytechnic Institute.

This is an Open Access article distributed under the terms of the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/), which permits re-use,

distribution, and reproduction in any medium, provided the original work is properly cited.



64

INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 16 NUMBER 2 JULY-DECEMBER 2025 63-67

V,

0x°

4

Oy>

where AV, AV, the

components of rectangular coordinates according to
expression (2).
The errors AV,,AV, are independent random

are corresponding

processes and each of them is described by an
exponential correlation function.

Shaping filters that generate the processes AV, AV

(3) are given by equations
AV =—a AV, +6 20, n;

AV, == AV, +o 20, n,,

(4)

where n.,n, are uncorrelated white noise processes

with the parameters of N(0,1); 6,,0, and a0, are
RMS values and the correlation time, respectively.

A radio navigation angle-range measuring system
measures the distance p’ from the ground station to the
object and the azimuth 0".

It is assumed that distance measurement errors
Ap=v, and azimuth measurement errors A6 =v, are
random, independent, normally distributed variables
with root-mean-square values G, G, respectively.

Flight speed measurements correction scheme
based on the angle-range measurements

Fig. 1 shows the proposed scheme for correcting
airspeed measurements with two-stage processing of
information coming from the air data system and the
angle-ranging measuring system.

At the first stage, the components W;,W} of the
ground speed are recovered by an optimal estimation
from the measurements p,0 of the angle-range

measuring system.
The result of the recovery performed using the
optimal filter can be represented as

where W, W, are the real values of ground speed

components; AW, , AW, are the corresponding errors.

Next, the velocity estimations VIA/\,W‘ (5) are

integrated with the data from the on-board air data
v, Vy using the compensation and filtering method.

Now, the velocity can be written as the sum of the
actual velocity value and measurement errors, i.e.

V=V, +AV; V)=V, +AV,.  (6)
As a result of compensation, the differences between
air data measurement error and the recovery error are

formed as
AV —AW_+5;

AV, ~AW, +s,, (1)

where s =V -W; s, =V —W are the differences

between the deterministic components of airspeed and
ground speed, which can be treated as forcing functions
for the next filter.

Subtraction results (7) are fed to a second filter,
which extracts the air data measurement errors as the

filter estimations N}X, Al}y.

At the final stage, the airspeed values is corrected
with the result as

V.=V, +(AV,=AV); V, =V, +(AV,-AV,). (8)

The corrected airspeed values (8) get close to the
true value because the measurement errors are reduced
according to the relations

(AV, —AV,)<AV,, (AV,-AV,)<AV,.

Preparation for the computer simulation

Discretisation of the modelled processes (4),
describing the errors of the airspeed, yields the
following equations:

AV, =e ™AV, ) +0,420, (1- e M)/ At i 9)

Y —a, At
W= W, AW =W, AW, (5) Ao A e oo (e T IA L,
V. =V 44V, ,
ADS [ e >

V, =V, +AV, v
p W, =W, +AW, G AT AW o A

ARMS | . " |Filter 1] . ] - Filter 2 .
0 W, =W, +AW, y AV =AW +s, AV

Fig. 1. The scheme of airspeed correction
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where Ar =t —¢_, is the discretisation step.

To recover the ground speed values based on the
angle-range measuring data, it is necessary to determine
the relation between the range and azimuth

measurements p ,0 with the elements of the state

vector X=[x,V., V. T

] in a rectangular coordinate

system.
This relation is nonlinear
Z =hX)+v,, (10)
R ,xZ + 2
_|P . KA g ol Ve
where Z=|", |; i(X)= = x |5 v=
0 h, arctg— Vg
Y

is the vector of random, uncorrelated distance and
azimuth measurement errors with covariance matrix

>0
R=M[v,v,']= % )1
0 o

(11)

where G, G, are the known root mean square errors of

distance and azimuth measurements, respectively.

When applying the Kalman filter, it is necessary to
provide a linear formulation of the problem. For
example, linearization can be performed in two ways
[5].

The first one is the linearisation of the equation (10)
by expanding it into a Taylor series with respect to the
estimated state vector and obtaining the model in
linearised form

AZ =HAX +v, (12)

where AZ=7-h(X); AX=X- X; X is the estimated
state vector;

X
0
H—%— Xt +y?
oX
2y 2 O
X +y

y
i+’ 0
X

0

X'+

Another way is as follows. The range and azimuth

measurements are converted into a rectangular
coordinate system
x =psin®’; y =pcosh. (13)

This allows applying a simple linear filter algorithm
with

* v
X=[x,V,»V,]; Z{x*} V{ } (14)
) ’ v

y
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1 0 00
H= .
0010
In this case, the covariance matrix of converted
measurement errors according to (13) will be written as

2 2
R=M[V,~V,-T]={G§ G’Z}, (15)
G, O,
where
ol = Gi sin® 0+ p’c; cos’ 0;
Gf, = csi cos’ 0+ p’c;sin’ 0;
Giy = ix =sin0cos 6((5,2) -p’cy).

Computer simulation results

Verification of the proposed airspeed values
correction scheme using angle-range measuring system
data was carried out by computer simulation using the
Kalman filter.

When simulating ground speed recovery based on
measurements of the angle-range measuring system, the
following initial data for (10) - (15) were used: object
flight speed V=100 m/s; 6, =0.25 degree; 6, =50 m;

time discretisation step A7 =1 s.
For modelling the processes (9), it was assumed that
c,=0,=20m/s; 1/a, =1/a, =360 s.

Fig. 2 shows the result of estimating the error of air
data measurement (that is the output of the final filter)
(curve 1) in comparison with the error modelled
according to equation (9) (curve 2).
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Fig 2. Estimation of the airspeed measurement error
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Fig. 3 shows the root mean square error of air data
system measurement error estimation (curve 1) as a
statistical evaluation result, and curve 2 shows the result
obtained by solving the Kalman filter equation for the
covariance matrix of the estimation errors.
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Fig. 3. RMS error of the airspeed measurement errors estimation
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Conclusions

The proposed scheme and procedure of airspeed
measurement correction based on measurement data
incoming from the radio navigation angle-range
measuring system consists of several stages.

At the first stage, the object's ground speed is
recovered using the data of the angle-range measuring
system.

At the second stage, the recovered and estimated
velocity is combined with the data from the on-board
air data measurement system using a compensation and
filtering scheme, while simultaneously correcting the
air data measurement values.

Computer simulation results demonstrate the
feasibility of implementing the proposed scheme and
algorithm for improving the accuracy of the airspeed
measurement system .

The advantage of the proposed design is that ground
speed recovery and data combining are performed
separately, allowing for control over the correction
process.
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Kopexuis BuMiproBaHb HIBHIKOCTI MOJIbOTY 32 JAHUMHU pajioHaBirauiiHoi KyToMipHo-/1a71eKOMIpPHOI ccTeMU
Paoiomexniunuu paxynomem KIII im. leops Cikopcewvroeo, m. Kuis, Ykpaina

IpodaemaTuxa. [HTerparis pi3HUX HaBiraliiHUX TPHUCTPOIB Ta CHCTEM 3 00’€IHAHOI OOPOOKOI0 JAHWX MIMPOKO
BUKOPHCTOBY€EThCS JUISl MIBUIICHHS HaiHOCTI Ta TodHOCTI. Kiacmunmii Merox 00’€fHAHHS MOJISATae B TOMY, IIO
HalfOLIbIMil edeKkT JocsraeThest MpH 00’ €IHAHHI CHCTEM, SIKI BUMIPIOIOTH OJIHAKOBI IapaMeTpH, 32 YMOBH, IO YacCTOTHI
XapaKTepUCTHKH iX MOXMOOK BHUMIPIOBAaHHS CYTTEBO BiIpi3HAIOTHCS. lle 103BONsie BHKOPUCTOBYBATH KIACHYHY CXEMY

KOMIIeHcanii Ta GimpTpanii 3 BukopucTanssM ¢inpTpa Kanmana.

Meta pociigkenb. Y wiil CTaTTi NPEACTAaBICHO CXEMy, AJITOPUTM Ta Iporpamy Ui o0 €JHAHHS TaHUX IPO IIBUIKICTH
HOJIbOTY, OTPUMAHUX BiJl OOPTOBOi CHCTEMU MOBITPSHUX CHIHAJIB, Ta JaHHX, OTPUMAHUX BiJl HA3EMHOI paJiOHaBiramiiHOl
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KyTOMIipHO-JaJeKOMIpHOi cucTeMU. Pe3ynbTaT 00’ €JHaHHS BUKOPUCTOBYEThCS ISl KOPEKIil JaHUX BUMIPIOBAHHS IMIBHKOCTI
HOJIbOTY.

Metoauka peanizanii. OcoONMBICTIO 3aPOIIOHOBAHOT MPOLIEYPH IHTEIPYBAHHS € T€, 10 BOHA CKJIAJAETHCS 3 KUIBKOX
eramiB. CrioyaTKy BiJHOBJIOETHCS IUISIXOBA MIBHJIKICTH IMOJILOTY 3 1i ONTHMAaJBHOIO OIHKOIO 32 JaHUMH BHMIpIOBaHb
KyTOMIpHO-JaieKoMipHOi cuctemu. Ha npyromy erami oliHeHa HUISXOBa IIBHAKICTh KOMIUIEKCYETBCS 3 BHMIPIOBAHHSIMH
HOBITPSTHOT IMBHIKOCTI 32 CXEMOIO KOMIICHcAIlil Ta (ibTparlii, 0JHOYACHO KOPUTI'YFOUH BUMiPIOBAHHS TTOBITPSHOI IIIBUAKOCTI.

PesyabTaTtn nmocaimkenb. /s 1epeBipkM 3alpOIOHOBAHOI CXEMH Ta QITOPUTMY IHTErpyBaHHS OyJO IPOBEACHO
KOMIT'IOTEPHE CTaTHCTUYHE MOJEJIIOBaHHS 3 BUKOpHCTaHHAM (inbrpa Kamvana. OTpuMmaHi pe3ynbTaTH JIEMOHCTPYIOTH
MOJKIIMBICTE peaizallii 3aIpornoHOBaHOI CXEMU Ta AITOPUTMY Ul KOPEKILil CHCTEMH BHMIPIOBAHHS IIBUJKOCTI MOJNBOTY 3
IMi{BUILEHHAM TOYHOCTI.

Bucnosxku. [lepeBaroro 3anponoHoBaHOI IPOEKTa € Te, IO POLEC BiJHOBICHHS Ta OLIHKH IIUIIXOBOI IIBUJIKOCTI 1 Iporiec
KOMIUIEKCHOI 00pOOKH JTaHUX BUKOHYIOTBCSI OKPEMO, 110 03BOJISIE KOHTPOIIOBATH MPOIIEC KOPEKIIii.

Kniouosi cnosa: nasicayis, inmeepayis; weuOKicms NOJbOMY, CUCMEMA NOGIMPSHUX CUSHANIG;, KVIMOMIPHO-OANEKOMIDHA
cucmema; ONMUMANbHA OYIHKA.
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