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Introduction

In recent years, the unprecedented evo-
lution of unmanned aerial vehicle (UAV)
technology has necessitated the development
of more accurate and reliable positioning sys-
tems [1]. Central to this pursuit is the preci-
sion of positioning, which is critical for the
effective operation of UAVSs in various appli-
cations ranging from commercial deliveries to
surveillance and environmental monitoring.
Traditional positioning systems, primarily
Global Positioning Systems (GPS or GNSS)
and Inertial Systems (INS), face significant
challenges in delivering the required level of
accuracy due to factors such as signal degra-
dation, environmental interference, and inher-
ent sensor limitations.

In this context, synthesizing a robust
LeGNSS positioning subsystem is a promis-
ing solution to overcome these hurdles. By in-
tegrating correction and optimal filtering of
measurement errors, this subsystem aims to
provide enhanced processing of redundant in-
formation crucial for UAV positioning. The
proposed integration scheme leverages the
strengths of both the GNSS and INS systems
while effectively compensating for their
weaknesses.

A comprehensive approach  was
adopted to analyse the proposed model of the
LeGNSS positioning subsystem. Utilizing
Matlab, arrays of data were created to simu-
late various aspects of UAV positioning, in-
cluding RMS positioning errors from satellite
and inertial information sources and the im-
pact of external dynamic influences such as
wind. This detailed simulation provides a
foundation for understanding the complexi-
ties and challenges in UAV positioning and
the efficacy of the proposed solution in real-
world scenarios.

The introduction of LeGNSS, integrat-
ing low-earth orbit (LEO) satellite network
data with GNSS and MEMS-based inertial
systems, marks a significant advancement in
UAV positioning technology. This paper aims
to elucidate the development and implemen-
tation of the LeGNSS positioning subsystem,
highlighting its potential to revolutionize
UAV positioning through enhanced accuracy,
reliability, and fault tolerance.

Problem statement

UAYV positioning has been continually
evolving, driven by the burgeoning demand
for UAVs in many applications, ranging from
commercial delivery and agricultural moni-
toring to military and search and rescue oper-
ations. However, the cornerstone of effective
UAYV operation, precise and reliable position-
ing, faces significant challenges, primarily
due to the limitations of existing positioning
systems like GNSS and INS.

GNSS Limitations: GNSS, while widely
used for its global coverage and relatively
high accuracy, has flaws [2]. The primary
challenge lies in signal degradation. Signals
transmitted from satellites to receivers on
UAVs are prone to interference from various
sources, including atmospheric conditions,
urban canyons, and foliage. This interference
can lead to significant errors in position esti-
mation. Additionally, GNSS is susceptible to
multipath errors, where signals reflect off sur-
faces before reaching the receiver, causing
delays and inaccuracies in the calculated po-
sitions.

INS Limitations: On the other hand,
INS, which calculates position based on mo-
tion and rotational sensors, is not reliant on
external signals and is thus immune to signal
degradation issues that plague GNSS. How-
ever, INS systems, especially those based on
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micro-electro-mechanical systems (MEMS),
are subject to cumulative errors [3]. These er-
rors arise from drift in inertial sensors over
time. Without external reference points, the
accuracy of INS degrades rapidly, making it
unreliable for long-term positioning.

Integration Challenges: The integration
of GNSS and INS has been recognized as a
potential solution to address the individual
limitations of each system. However, this in-
tegration is not straightforward. The chal-
lenge lies in effectively combining the data
from both systems to provide a more accurate
and reliable estimation of the UAV's position
[4]. This approach requires sophisticated fil-
tering and correction techniques to manage
the noise and errors inherent in the data from
each system. The integration must also ac-
count for dynamic environmental factors and
operational conditions that can affect the per-
formance of the positioning systems.

Dynamic Environmental Influences:
UAYV operations are often subject to dynamic
environmental conditions, such as varying
wind speeds and directions, which can further
complicate positioning [5]. These factors can
introduce additional errors in the positioning
data, making it difficult to maintain the re-
quired level of accuracy for specific applica-
tions.

Robust Positioning Subsystem: To re-
solve these issues, we need a robust position-
ing subsystem that can effectively integrate
GNSS and INS data, applying advanced cor-
rection and filtering techniques [6]. This sub-
system must improve the accuracy and relia-
bility of UAV positioning and be resilient to
environmental influences and operational dy-
namics.

Research Gap: Existing research in
UAV positioning has primarily focused on
enhancing GNSS or INS independently or on
essential integration of these systems [7].
There is a lack of comprehensive solutions
that address the complex interplay of errors
and environmental factors affecting inte-
grated UAV positioning systems. The
LeGNSS positioning subsystem aims to fill
this gap by providing an advanced solution
that integrates GNSS and INS data and

enhances this integration with correction and
optimal filtering techniques.

The vanguard of satellite innovation, as
exemplified by enterprises such as SpaceX,
heralds a promising trajectory for the progres-
sion of positioning systems. Their constella-
tion, with approximately 1,700 satellites en-
sconced in lower Earth orbit, portends the in-
auguration of a satellite fleet exceeding
40,000. These satellites, traversing at proxi-
mally 1,200 km above the terrestrial surface,
could employ signals akin to the quintessen-
tial GPS to ascertain terrestrial coordinates
with remarkable precision. The confluence of
this technological leap with the architectural
framework proffered in this study has the po-
tential to redefine the industry, offering a po-
sitional solution of unparalleled reliability
and accuracy.

The challenges in UAV positioning
stem from the limitations of GNSS and INS,
the complexities of their integration, and the
dynamic environmental factors affecting
UAYV operations [8]. The proposed LeGNSS
positioning subsystem seeks to overcome
these challenges by offering a sophisticated
integration model that enhances UAV posi-
tioning systems accuracy, reliability, and fault
tolerance. This research aims to contribute
significantly to the field of UAV positioning,
providing a robust solution that can be
adapted to a wide range of applications.

Problem solution

Positioning and piloting paradigms, es-
pecially within the constraints of complex ur-
ban environments, have invariably encoun-
tered formidable challenges [9]. The vision is
clear-cut for proposing satellite positioning to
engineer systems that can deliver consistently
exceptional performance, irrespective of en-
vironmental constraints.

The proposed solution to the challenges
outlined in UAV positioning systems is the
synthesis of a robust LeGNSS positioning
subsystem [10]. This subsystem integrates
correction and optimal filtering of measure-
ment errors, enhancing the processing of re-
dundant information critical for precise UAV
positioning. The core of this solution lies in
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an advanced integration scheme utilizing the
LeGNSS positioning subsystem [11].

To analyse the proposed model, Matlab
was employed to create arrays of data simu-
lating various aspects of UAV positioning.

Initial modeling
data

Simulation of

This solution includes positioning errors from
satellite and inertial information sources and
the impact of external dynamic influences,
such as wind, on the UAV's flight modeling

(fig. 1).
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Fig. 1. Modeling algorithm for LeGNSS integrated multilayer positioning system in Matlab

This algorithm is designed to simulate
the LeGNSS integrated positioning system
operation for UAVS. It performs a sequence
of steps to simulate UAV flight using various
positioning models such as MEMS, GPS,
LEO, and LeGNSS systems.

When simulating the flight dynamics of
a UAYV, it is important to consider aerody-
namic forces, changes in air density, and other
external factors, such as wind and turbulence,
that affect the movement of the vehicle. Aer-
odynamic drag during flight can be accurately
modeled using equation (1):

(1)

Where p is the density of the air, Cq is
the drag coefficient, A is the cross-sectional
area, and v is the velocity. This equation al-
lows us to consider the aerodynamic re-
sistance of the air to create a more accurate
simulation in different flight conditions. This
helps determine the optimal control com-
mands for UAVs to reach the routes' specified
points effectively.

The use of Matlab tools for automated
compilation and visualization of flight routes
allows us to plan and evaluate the trajectory
of UAVs in detail. The UAV flight simulation
model includes integrating and processing
data from several positioning systems, which
provides a comprehensive analysis of the be-
haviour of onboard subsystems in different

1
Fdrag = — EpCdsz,

conditions. The use of pseudo-real data when
simulating the operation of the integrated po-
sitioning system made it possible to create a
detailed 3D flight model reflecting the realis-
tic flight scenario of UAVSs.

Simulation of flight dynamics requires
using equations of motion, notably Newton's
and Euler's (2-3), which allows to reproduce
the dynamics of UAV movement.

F

r=--g, (2)
I'Y(T — w % (I w)), (3)

where r is the acceleration of the UAV center
of mass, F is the moment of force, m is the
mass, g is the acceleration of gravity, w is the
angular velocity, T is the moment of forces,
and | is the inertia tensor.

For simulation purposes, gyroscope
drift and accelerometer errors are character-
ized by exponential functions with a signifi-
cant correlation period. Accordingly, they can
be represented using the following differen-
tial equations:

Q:

d)ﬂp = T, Wyp + 7w 4)
Ad = ——Aa+—qq (5)

where g — random component (white noise),
T,, T, — correlation time coefficient.
Simulation of random and systematic
(deterministic) errors of sensors, particularly
accelerometers, gyroscopes, and
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magnetometers, was generated through the er-
ror model (6), which considers errors arising
from temperature changes, mechanical
stresses, electromagnetic interference, etc.

SMEMS = 6bias(t) + 8scate + Oortno +
+ 6drift(t) + 6noise(t)a (6)

where bias is the error of the shift over time,
scale is the deviation in the scale of the sensor
data, ortho is the error of the non-orthogonal-
ity of the sensor axes, drift is the rate of
change of sensor drift over time, noise is ran-
dom fluctuations in measurements that cannot
be predicted or corrected, (t) is a function of
time (rate of change).

In pursuit of elevating the resilience and
understanding of the positioning mechanism,
we propose a fortified multi-sourced position
methodology for UAVs predicated on the
real-time assessment of redundant data. Cen-
tral to this proposition is the advent of an al-
gorithm optimized for the precise estimation
of INS discrepancies, anchoring its founda-
tion upon the Kalman filter paradigms.

At the heart of the LeGNSS positioning
subsystem is the implementation of the Kal-
man filter, a critical component for combining
data from the inertial MEMS positioning sys-
tem, satellite positioning system, and LEO
satellite network. The filter's correction coef-
ficients, derived from the solution of the Ric-
cati equation, play a vital role in updating the
covariance matrix of estimation error (fig. 2).
The Kalman filter effectively integrates new
measurements, updating the estimate of the
system's state and its uncertainty to minimize
overall error.
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The discrete simulation in the Matlab
environment (R2023b) offers insights into the
UAV positioning subsystem's operation. Mul-
tiple statistical evaluations were conducted to
quantify the accuracy of the simulation re-
sults, comparing the variance of error estima-
tion of the complex LeGNSS subsystem with
other systems (fig. 3). These evaluations
demonstrate the high quality of the LeGNSS
error identification process and the reliability
of the statistical modeling.

Including the algorithm of optimal fil-
tering and positional correction in the com-
plex system, the model reduces the system's
overall error and the noise level of positioning
estimates.

The error has a slight spike at the begin-
ning of the simulation period. Still, it does not
exceed the permissible limits and remains rel-
atively low throughout the simulation period,
indicating reliable system initialization. Tran-
sient peaks of error can be observed through-
out the period. These peaks can be explained
by changes in flight dynamics during difficult
mission phases, signal failures, or temporary
drifts of INS. After each short rise, there is a
rapid decrease in the magnitude of the error.

This modeling demonstrates the effi-
ciency of processing real-time positioning in-
formation. Despite some peaks, the overall
trend of error curves is stable, which indicates
the regular operation of the proposed
LeGNSS system. Fig. 3 shows a detailed as-
sessment of the positioning error in the pro-
posed LeGNSS system, which is within 3 me-
ters.
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Fig. 2. Collection of data on UAV flight dynamics on simulation model
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Fig. 3. System positioning error and speed on simulation model

Calculations of absolute RMS values of
positioning error estimation for each of the
studied systems based on the simulation re-
sults demonstrate improved accuracy of the
LeGNSS positioning subsystem in compari-
son with the integrated INS/GNSS of in-
creased accuracy by 9.02%, and by 26.4%
compared to the onboard GPS receiver.

The results demonstrate the excellent
efficiency of the complex LeGNSS subsys-
tem of increased accuracy formed by the com-
bination of the LEO (StarLink) low-orbit sat-
ellite communication system, the GNSS
Global Satellite Positioning System (GPS),
and the onboard MEMS measurement system.
Internal data processing using algorithms for
optimal data processing and filtering in the
LeGNSS subsystem from different sources
improves the accuracy of real-time UAV po-
sitioning and speed assessment.

The study assumes idealized conditions
for receiving a satellite signal, which may not
always correspond to real use cases. Error
simulation of the MEMS system may not in-
clude all the details of specific sensors' drifts
and measurement bias. Due to martial law in
Ukraine, data collection has been hampered,
including access to satellite signals due to po-
tential restrictions (StarLink, etc.). In further
research, it is possible to analyse the impact
of complex environmental factors on the op-
eration of LeGNSS to explore the possibility
of expanding the list of satellite systems or
sensors to improve the accuracy of position-
ing information.

The solution proffered within this doc-
ument delineates a prospective framework for

a synergized inertial and satellite positioning
matrix [12]. This system is bolstered by incor-
porating correctional mechanisms and the
concurrent filtration of high-frequency posi-
tioning discrepancies.

The proposed LeGNSS positioning sub-
system marks a significant advancement in
UAV positioning technology. Its ability to in-
tegrate multiple data sources with advanced
filtering and correction techniques results in a
reliable, continuous, and accurate positioning
solution. This system's efficiency not only ad-
dresses the existing challenges in positioning
but also opens ways for improved safety, ac-
curacy, and operational efficiency in various
sectors employing UAVS.

The findings of this study can be ap-
plied in various sectors, including unmanned
aircraft systems, allowing for improved
safety, accuracy, and operational efficiency of
existing systems.

Conclusions

The combined strategy that merges in-
ertial with satellite positioning, corrective
mechanisms, and optimized filtration prom-
ises a significant uplift in system prowess.
This is manifested in the precision of trajec-
tory computations, attenuation of positioning
signal anomalies, and a conspicuous decre-
ment in ISNS inaccuracies.

The proposed LeGNSS positioning sub-
system for UAVs demonstrates increasing ac-
curacy for positioning estimation by 9.02%
from GNSS/INS and by 26.4% compared to
the onboard GPS receiver.

Furthermore, while the architectural
proposition elucidated herein signals an
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advance towards enhanced positioning preci-
sion and robustness, it also delineates path-
ways for further evolution. These pathways
may involve the integration of an intricate
sensor error framework, refining the Kalman
filter's matrix, and reconciling the frequency
disparities intrinsic to both systems and per-
haps the assimilation with alternative satellite
clusters.

In sum, the proposed LeGNSS integra-
tion of inertial, GNSS, and LEO satellite po-
sitioning systems, augmented with corrective
circuits and optimal filtration, signifies a pro-
found advance for modern UAV positioning
solutions.
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ROBUST LeGNSS POSITIONING SUBSYSTEM FOR UAV WITH CORRECTION

AND OPTIMAL FILTERING

The integration of LEO satellites with GNSS/INS into a robust LeGNSS positioning sub-
system for Unmanned Aerial Vehicles (UAVs) addresses the limitations of traditional GNSS
and INS systems. The proposed LeGNSS integrates low-earth orbit (LEO) satellite data with
GNSS and MEMS-based inertial systems to enhance UAV positioning accuracy, reliability, and
fault tolerance. It aims to overcome challenges like signal degradation and sensor errors
through advanced correction and optimal filtering techniques. The paper utilizes Matlab sim-
ulations to analyse UAV positioning, considering dynamic environmental factors like wind. It



16

emphasizes the integration of GNSS and INS systems to improve position estimation, highlight-
ing the need for sophisticated filtering and error management. The study demonstrates im-
proved positioning accuracy with the LeGNSS subsystem compared to traditional methods and
suggests its application in various sectors employing unmanned aircraft. The research en-
hances UAV positioning technology and improves safety and operational efficiency.

Keywords: LeGNSS, GNSS, LEO satellites, multi-source integration, positioning, un-
crewed aerial vehicle, data analysis, error correction, optimal filtration.

Hodainne b.1.

POBACTHA LeGNSS IIIIJCUCTEMA ITO3UINIOHYBAHHA /JIsA BILVIA 3
KOPEKLIEIO TA OIITUMAJIBHOIO ®LJIBTPALIIEIO

Iumeepayisn cynymnuxie nusvkoi opoimu LEO 3 cucmemamu GNSS/INS y naoiiiny niocu-
cmemy nosuyionysanns LeGNSS ona 6e3ninomuux aimanbHux anapamis, wjo ycysae odome-
arcennss mpaouyiunux cucmem GNSS ma INS. 3anpononosana niocucmema LeGNSS inmeepye
oani cynymuuxie LEO 3 GNSS ma inepyianonumu cucmemamu na 6azi MEMS 0nsa nokpawenns
MOYHOCMI, HAOIUHOCMI Ma 3aXULeHOCmi 810 NOMULOK Y no3uyionyeanui bnJIA. Bona mae na
Memi nodonamu munogi GUKIUKU, MAKI sIK 6Mpama CUSHa1Ly ma noXubku 0amuuxie, 3a 0ono-
MO20I0 Nepedosux memoodis Kopekyii ma onmumanvHoi ginempayii ingpopmayii. /s oocui-
0JICeHHST BUKOPUCMOBYIOMbCS MOoOel 0Nl cumyaayii 6 cepedosuwi Matlab, wo 0ozeonaiomo
npogecmu aHaniz moyHocmi pobomu niocucmemu nosuyionysanns bnJlA 3 ypaxysanuam ou-
HAMIYHUX (PaAKmMopie HaABKOIUWHbO20 cepedosunya, saKk-om gimep. Pokyc pobumucs Ha inmee-
payii cucmem GNSS ma INS 3 LEO cynymuuxkamu 07151 NOKpaujeHHs: OYinKu no3uyii, niokpec-
JII0I0YU HeOOXIOHICMb 6 CKIAOHIU pinbmpayii ma ynpasninui noxubkamu. /[ociioxcents 0emon-
cmpy€e NOKpaujeHy moyHicms NO3UYioHy8anHs 3a oonomozoro niocucmemu LeGNSS y nopis-
HAHHI 3 MPAOUYTUHUMUY CUCIEMAMU MA NPONOHYE il 3aCMOCY8AHHS Y PIZHUX 2ATLY35X, WO BUKO-
pucmosyroms be3ninomui 1imanvui anapamu. Pezynsmamu cnpusitoms nokpaweHH0o mexHono-
2ii nozuyionysanus bnJIA ma iokpusaroms winsaxu 0 NiOGUUEHHS De3neKy ma OnepamueHol
egpexmugnocmi.

Knrwuoei cnosa:. LeGNSS, GNSS, cynymnuxu LEO, 6acamoodoicepenvra inmeepayis, no-
3UYioOHY8aHHs, OE3NLIOMHUL TIMATbHULL anapam, ananiz OaHux, KOpeKyis NOMUIOK, ONMUMA-
JIbHA inbmpayis.



