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Abstract

The purpose of the research was to create an algorithm for determining and correcting the output

parameters of the navigation module and the flight-navigation complex of unmanned aerial vehicles which
provides control of an aviation gyro-stabilized platform with a multispectral optoelectronic system during
flight and tracking various objects of observation.

Principles of control of an aviation technical vision system located on an unmanned aerial vehicle on a
two-degree gyro-stabilized platform with the possibility of full turn around two perpendicular axes along the
course and pitch are considered. Stability of tracking of observation objects at a distance of up to 10000 m
is ensured by the use of a multispectral optoelectronic system including a rangefinder, thermal imaging and
two visual channels.

Analysis of the object of observation and the method of its support are carried out. An algorithm is
proposed for integrating a Global Navigation Satellite System and a strapdown inertial navigation system
based on the extended Kalman filter which includes two stages of calculations, extrapolation (prediction)
and correction. Specialized software in the FreeRTOS v9.0 environment has been developed to obtain a
navigation solution: latitude, longitude and altitude of the unmanned aerial vehicle in the W(GS-84 coordinate
system, as well as the pitch, heading and roll angles; north, east and vertical components of velocities in
the navigation coordinate system; longitudinal, vertical and transverse components of free accelerations
and angular velocities in the associated coordinate system based on data from the receiving and measuring
module of the Global Navigation Satellite System and data from the 6-axis MEMS sensor S7/M300.

Keywords: aviation technical vision system, optoelectronic system, algorithm, orientation angles, navigation

module.
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AJropuTM ynpasJjeHHus 0eCIUIOTHBIMHU JIeTATeJIbHbIMHA
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00bEKTOB C U3MEHACMOM TPACKTOPUEH IBUKCHUS
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Lenbro MPOBOAMMBIX MCCIICIOBAHHH SIBJISUIOCH CO3/IAHUE aJITOPUTMA OIPE/ICIICHHS] B KOPPEKIIMU BBIXOHBIX
rapaMeTpOB MOJIYJIsl HABUTAIIUH M MAJIOTA)KHO-HABUTAITMOHHOTO KOMIUIEKCA OSCITHIIOTHBIX JICTATEIIbHBIX allapa-
TOB, 00ECIICUMBAIOIIIETO YIIPABJICHUE aBUAIIMOHHOM THPOCTAOMIM3UPOBAHHON TIAT(HOPMOI C MYJTBTHCIICKTPATb-
HOU ONTUKO-3JICKTPOHHOM CHCTEMOM B TIPOIIECCE TOJIETA M COMPOBOMK/ICHUS PA3IIMUHBIX O0BEKTOB HAOFOICHHSI.

PaccMoTpeHBI IPUHIUIIBL YIIPABJICHUST aBUAIIMOHHOW CUCTEMOI TEXHHUYECKOTO 3PCHUs, pa3MEIIEHHON
Ha OECITUJIIOTHOM JICTATEILHOM alllapare Ha JIBYXCTENECHHON TMPOCTAOMIN3UPOBAaHHON TuIaThopMe ¢ BO3-
MO>KHOCTBIO TIOTHOTO Pa3BOPOTA BOKPYT IBYX MEPIECHIUKYIISIPHBIX OCEU MO KypCy M TaHTaxy. YCTONuu-
BOCTh COITPOBOXKJIEHHUS 00BEKTOB HaOMr0ieHUs Ha paccTossHuu 10 10000 M obecnieunBaeTcsl IpUMEHEHUEM
MYJIbTUCTICKTPATIBHON ONTHKO-3JICKTPOHHOW CHUCTEMBI, BKJIFOUAIOIICH JalbHOMEPHBIN, TeIIIOBU3SHOHHBIN U
JIBa BU3yaJIbHBIX KaHAaa.

BrimonHen aHanu3 oObekTa HAOMIOACHUS M METOJIMKA €ro COMpPOBOXJICHUs. lIpemioxkeH aaroputm
WHTETpally CITyTHUKOBOW PaMOHABUTAIIMOHHON CHCTEMBI U OecIiaT(OpMEHHOM WHEPIIMAIBHON HaBHUTa-
IIMOHHOM CHCTEMbI Ha OCHOBE MHTErpaibHOro (hmibrpa Kanmana, mpenycMmarpuBarolieil JBe CTaJud BbI-
YUCIICHUH: SKCTPANOJSIIHIO (IIPEJICKa3aHne) U KOPPEKIHI0. B MOIyh HaBUTaluu BCTPOCHO CICIIHAIH3U-
pOBaHHOE MpOrpaMMHOE oOecreueHue ik MHOT03aJauHON ONEePallMOHHOM CHCTEMBbl PEAbHOTO BPEMEHU
FreeRTOS, obecrieunBaroniee MoTy4eHUE HABUTAIIMOHHOTO PEIICHUS: MIUPOTHI, JOJITOTHl U BBICOTHI Oec-
MUJIOTHOTO JIETATEIBLHOTO anmapara B cucteMe koopauHat WGS-84, a Takxke yriioB KpeHa TaHTaxa U Kypca;
CEBEpHO, BOCTOYHOM U BEPTUKAIBHON COCTABJISIONINX CKOPOCTEH B HaBUTALIMOHHOM CUCTEME KOOPJIUHAT;
MPOJIOJIBHOMN, BEPTHKAILHOW U MOTEPEUYHON COCTABIISIONINX CBOOOHBIX YCKOPCHUN M YIJIOBBIX CKOPOCTEH
B CBSI3AHHOU CHCTEME KOOPAMHAT HAa OCHOBE JAHHBIX OT MPUEMO-HU3MEPUTEIBHOTO MOJYJIS CIYTHHUKOBOH
PaJMOHAaBUTALIMOHHOM CUCTEMBI U TaHHBIX OT 6-oceBoro MOMC-gatuuka STIM300.

KirueBble cjoBa: cucTeMa TEXHHYCCKOIO 3pCHUA aBUAllMOHHAs, OINTHUKO-3JICKTPOHHAsA CUCTEMaA, aJIr'o-
pUTM, YTJIBI OPUCHTALINN, MOJYJIb HaBUT'allWuH.
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Introduction

Airborne vision and navigation systems of an
aircraft are a combination of various devices: a radar
station (radar), a thermal imager, a television (TV)
camera, a laser locator (lidar), etc., which ensure the
performance of various tasks related to observing
objects in difficult weather conditions as well as in poor
visibility conditions. Each of the sensors represents
specific characteristics of the environment (brightness,
thermal, radar, or optical-location contrasts of objects),
but separately does not provide enough information
about the underlying surface. The use of information
coming simultaneously from several sensors requires
solving a number of auxiliary mathematical problems.
One of them is associated with the fact that images
from different sensors are generally formed in
different coordinate systems [1]. The concept of a
multispectral vision system also makes it possible to
improve flight safety by automatically correcting the
current coordinates of the location of the aircraft in
space, taking into account the terrain.

Modern trends in the creation of systems for
tracking objects in multipurpose aircraft provide
for software and hardware integration of onboard
equipment in the form of container reconnaissance
complexes. For example, the Russian development
of the "Sych" family includes a three-level container
complex:

— multispectral  optical-electronic
(UKR-OE) (TV/IR/low-level ranges);

— X-band surface radar reconnaissance complex
(UKR-RL/BKR-3), represented by a two-way small-
element radar system (radar) with a passive phased
antenna array (PFAR) "Pika-M" with a resolution of
about 0.3 m in SAR/ISAR and instrumental range of
more than 300 km;

—a multi-band passive radio-technical reco-
nnaissance complex (UKR-RT), which allows
detecting and analyzing the frequency parameters
of enemy radio-emitting sources (modern enemy
airborne radars of AN/APG-77/79/81 types in aisle
tracking and even LPI modes, active radar homing
heads (GOS) air combat missiles and anti-aircraft
missiles (SAMs), as well as surveillance radars and
illumination radars) [2].

One of the important directions for improving
onboard avionics is the development of hardware and
software systems for "enhanced vision" (Enhanced
Flight Vision Systems, EFVS). According to the
functional characteristics of the systems of improved
vision are divided into three typical classes [3]:

complex

— Enhanced Vision System (EVS);

— Synthetic Vision System (SVS);

— Automated Vision System (AVS).

In papers [4-5], basic algorithms for the
functioning of strapdown inertial navigation
systems (SINS) are considered.

The purpose of the research was to create
an algorithm for determining and correcting the
output parameters of the navigation module and
the flight-navigation complex of unmanned aerial
vehicles (UAVs), which ensures the control of an
aviation gyro-stabilized platform with a multispectral
optoelectronic system during flight and tracking
various objects of observation.

Multispectral optical-electronic system
of technical vision based on an aviation
gyro-stabilized platform

When using UAVs, the task often arises
of tracking an object of interest for a long period
of time. There may also be additional requirements
for observation parameters:

— providing a given viewpoint;

—keeping the object of interest in the center
of the frame, and for adjusting the circular flight
path and transferring the coordinates of the circle
center to the flight and navigation complex (FNC);

—maintaining a given angle of inclination
in terms of distance to the object, etc.

To fulfill these parameters, it is not enough to
control only the position of the sighting axis of the
aviation technical vision system (STZA), but it is also
required to issue corrective signals to the autopilot.

Let's consider the options for solving this
problem in more detail. Multichannel STZA as part
of the UAV allows not only to consider objects of
interest in the visible and infrared ranges of the
spectrum, but also to determine their geographical
coordinates in the selected frame of reference, as
well as the speed and direction of movement, if any.

There are two options for solving this problem.

The first is the constant delivery of the
coordinates of the object of interest to the flight-
navigation complex [6-9]. In this case, all the
functionality of these parameters is implemented in
the flight and navigation complex.

The second option is the transfer of the
required flight trajectory to the flight and navigation
complex. In this embodiment, the functionality of
the observation parameters is implemented in the
STZA (Table).
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Main technical characteristics of the «Sychy aviation technical vision system

Parameter name

STZA-1

STZA-2

A variant of the implementation

of a gyro-stabilized optoelectronic

platform (GOES)

Root mean square error of stabilization

Interfaces:
— management

— transmission of video information

Guidance speed (maximum)
Working temperature

Power consumption

Overall dimensions (diameter X height)

The weight

two-stage, single-circuit

50 mrad
RS422/485, Ethernet,
CAN Ethernet, HD-SDI
300°/s
ot —40°C mo +50°C
150 watt
250%340 mm
12.8 kg

double-degree,
double-circuit in azimuth

25 mrad

60°/s

16 kg

Visible camera — 1 (TV channel)

resolution
field of view
optical zoom

digital zoom

1920 1080 pix. (RGB)

2.3°-63.7°
30x
12x

Visible camera — 2

resolution
field of view
optical zoom

Detection/recognition range
(visible range cameras 1 and 2):
— person

— vehicle

1920 %1080 pix. (RGB)
4.0°; 8.0°
2%

6200/2500 m
10000/5000 m

1920 1080 pix. (RGB)

2.4°, 4.8
2x

6900/2600 m
10000/5800 m

Laser rangefinder

working wavelength 1.53...1.57 pm
measurement range 100...10000 m
Measurement accuracy, not less +5m
Thermal imager

detector type refrigerated
resolution 640x512 pix.
spectral range 3...5um
field of view 2°...27°
optical zoom 12x
digital zoom 2x
Detection/recognition range:

— person 4200/1700 m
— vehicle 10000/4000 m
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The composition of the "Sych" STZA includes a
gyro-stabilized platform with a useful opto-electronic
load: two cameras of the visible range of a wide and
a narrow field of view; thermal imaging module for
working with objects of observation in the night
mode; laser rangefinder module with a receiving
and transmitting channel; built-in navigation
system (GPS, GLONASS) (Figure 1) [10]. In the
extended version, the STZA can be connected to a
ground-based hardware and software complex.

| Turn in azimuth
\i} (course) 360°

Thermal

Survey TV imaging
channel channel
Pitch
—. turn
360°

Rangefinder /.

transmission

channel Detailed TV

channel

Figure 1 — Layout of the main modules of the aviation
technical vision system on a gyro-stabilized platform

In the process of work, the monitoring object
is automatically tracked; determination of the
direction and speed of movement of the object;
determination of the distance to the object and its
characteristics (location coordinates and overall
dimensions). For the convenience of transmission
over the radio channel, hardware-software com-
pression of video information is carried out. When
accompanying an object during flight, a picture-in-
picture display mode is possible for observation at
different distances. If it is temporarily impossible to
transmit a signal via a radio channel, recording of video
information is provided in the built-in memory of the
device in an equivalent volume of 20 hours of flight.

Analysis of the object of observation and
the method of its support

An object of observation can be understood as
any object resolved by an optoelectronic system under
specific conditions. The tracking algorithm built into
it allows updating the reference image, allowing you
to continuously observe the object from different

angles and distances. Partial overlap of the object (up
to 50 % of the area) is not an obstacle to continuous
tracking. Short-term full coverage is also possible,
for example when driving behind trees, poles
or road infrastructure. The vision system is capable
of tracking objects moving in a tangential direction
at a speed of more than 100 km/h at a distance of at
least 60 m. The maximum flight altitude is limited by
the tactical and technical characteristics of the UAVs.

The coordinates of the object are calculated
by the STZA on-board computer with access to the
signals of the global navigation satellite system.
If the signal from the satellites is noisy, distorted or
absent altogether, then for a limited period of time
the correct operation of the device is still possible
if an inertial module with a magnetic sensor is used
as part of it.

Determination of the position of the observed
object is based on solving a direct geodetic problem.
The reference point is the UAVs coordinates received
from the navigation module (Figure 2).

Gyro-stabilized
optical-electronic

system (GOES)
I Eg o Turni Target axis [ljzilvgllglzzr;i
urning et
e (N angles position | complex (FNC)
v values
A A

‘ Signal

processing -
module

Corrective signals and

Positioning values of the feedback

sighting axis, coordinates
for aiming

Control commands

Operator's
workplace

Figure 2 — Scheme of information exchange when
implementing the control algorithm for unmanned aerial
vehicles in the tracking mode

To calculate the azimuth and spherical distance
to the object, it is necessary to convert the line
of sight vector from the body coordinate system to
the global one. The starting vector is determined by
the gimbal/camera rotation angles.

The orientation angles of the inertial module
define the transition matrix from one basis to
another. The resulting line of sight vector allows
you to find the azimuth and angle of the observation
point in the global coordinate system. These
angles are referenced to the object relative to the
north direction and the local horizon, respectively.
Knowing the vertical angle and height of the UAVs
above the ellipsoid, you can find the spherical
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distance to the point of intersection of the line
of sight with the ellipsoid.

However, the object is rarely located strictly
at zero height. For decoupling from the ellipsoid,
a special elevation map is used.

Observation of the object is carried out during
the capture by the automatic tracking machine. After
capturing an object for tracking, the reference image
of the object is the frame area corresponding to the
capture rectangle. In this case, it is not necessary that
the entire object falls into the rectangle. The capture
algorithm works on any contrasting part belonging to
the object. The tracking rectangle may not always be
in the center of the video frame. A special algorithm
allows you to move from the line of sight of the
camera to the object anywhere in the frame.

The calculation of the speed and direction of
movement is based on the change in the obtained
coordinates of the object in time. Smoothing values
is based on a linear approximation of the trajectory
in a sliding window. The window size adjusts to the
speed of movement. It is assumed that at high speeds
the maneuverability of ground objects is limited.
Therefore, the averaging window increases, reducing
the effect of the random component of the error.
When driving at low speeds, significant changes
in direction are possible, so the averaging window
decreases.

Used coordinate systems and their
relationship

Providing the specified functionality of the
navigation unit of the combined anti-jamming
multisystem inertial-satellite navigation receiver is
implemented by establishing the initial relationship
between the following coordinate systems (CS):
geocentric inertial (i-frame), geocentric (geodesic)
rectangular connected to the Earth (e-frame),
navigation (n-frame) and asso-ciated (b-frame).

An inertial coordinate system is an ideal
reference frame in which ideal inertial sensors
(accelerometers and gyroscopes) have zero
readings. The inertial CS X'Y'Z" has its origin in the
center of the Earth and axes that do not rotate with
respect to distant galaxies. Its Z' axis is parallel to
the Earth's axis of rotation and is directed towards
the North Pole. The X" axis is directed to the vernal
equinox, and the Y’ axis forms a right orthogonal
triple of vectors with the first two. The projections
of vectors on the axis of this CS have a superscript
i (inertial).

The geodetic coordinate system XY “Z¢ has its
origin at the center of mass of the Earth and an axis
whose position is fixed in relation to the Earth. The
axis X“ is directed to the midpoint of the reference
meridian. The axis Z° is parallel to the Earth's axis of
rotation and is directed to the North Pole, and the axis
Y* forms with the first two a right orthogonal triple
of vectors. The projections of vectors on the axis
of this CS have the superscript e (earth). Geodetic
coordinates are used to determine the position of an
object on the Earth's surface. The position of a point
is specified by latitude B, longitude L and altitude H.
Latitude is determined by the angle formed by
the normal to the Earth's reference ellipsoid and
the equatorial plane. Reference ellipsoid is an
approximation of the shape of the Earth's surface
by an ellipsoid of revolution, used on a certain area
of the earth's surface. Longitude is measured by the
dihedral angle between the plane of the meridian
passing through the point and the plane of the
reference meridian.

The WGS-84 CS will be used as a geodetic.
The radii of curvature of the reference ellipsoid CS
WGS-84 R, and R, are calculated from the following
relations:

R, =a/(1-¢€’sin’ B)"?;
R, =a(l1-e*)/(1-¢€’sin* B)*”,

where a=6378137 m — equatorial radius of the
Earth; ¢® = 6,694379990141x 10> — the square of the
eccentricity of the earth ellipsoid; B — latitude of the
point at which the radii of curvature of the reference
ellipsoid are calculated.

The navigation coordinate system X"Y"Z" is a
local CS with a vertex aligned with the center of mass
of the object. The axis X" is directed to the north along
a tangent to the meridian, the axis Y" is directed to the
parallel to the east. The axis Z" is orthogonal to the
reference ellipsoid and directed downward. Thus, the
navigation CS is formed by the axes directed north-
east-down (north, east, down — NED). The projections
of vectors on the axis of this CS have a superscript
n (navigation). The navigation CS rotates in the
geodesic space with an angular velocity, associated
with the rates of change in latitude B and longitude L,
caused by the movement of the object relative to the
quasi-elliptical surface of the Earth.

A coordinate system is a Cartesian coordinate
system X°Y’Z’ the axes of which are directed
along the construction axes of the object. The axis X”
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coincides with the longitudinal axis of the object and
is directed towards the front part, the axis ¥ bcoincides
with the transverse axis of the object and is directed to
the right side, the axis 7" is perpendicular to the plane
X’Y? and complements the CS to the right triplet
(directed downward). The projections of vectors on
the axis of this CS have the superscript b (body).
The position of a body coordinate system relative to
the navigation coordinate system is defined by three
angles called roll, pitch, and heading angles. Heading
angle ¥ — the angle measured in the horizontal plane
X"Y" from the axis X" clockwise, to the projection
of the longitudinal axis of the object on this plane.
The pitch angle 0 is measured in the vertical plane
between the axis X’ and its projection onto the
horizontal plane X"Y". The roll angle y is measured in
the transverse plane between the axis Y and the line
of intersection of the specified plane with the horizon
plane. When the right side of the object is below the
horizontal plane, the roll is considered positive.

Algorithm for the integration of Global
Navigation Satellite System and Strapdown
Inertial Navigation System

Integration of Global Navigation Satellite
System (GNSS) and Strapdown Inertial Navigation
System (SINS) is carried out according to a loosely
coupled scheme, when they work independently of
each other, but contains a block that processes and
corrects data from both systems. This is done using
an extended Kalman filter (KF) [12-15].

The input of the KF receives the difference
between the values of the velocities and coordinates
obtained using the SINS and GNSS algorithm.
The Kalman filter estimates errors in determining
angular orientation, velocities and coordinates.
These estimates are used to correct the values
of the corresponding parameters in the SINS
algorithm. The corrected values are fed to the system
output (Figure 3).

r -
SLA vy
qp o
e
s q
\ 4 & q
+ W
or"
siNs [ o
< v
) + i Véins
A n
wf; 5iNs
SAV
\
+ (Tins — Tinss) o Kalman
- | filter
A \
+ Vins — vgNSi)
n A
VGNSS
Vinss
GNSS
b
SsystemWin
b
5SYSTF,M f

Figure 3 — Block diagram of the integration of a Strapdown Inertial Navigation System and Global Navigation Satellite

System

52



IIpubopsr u memoowl usmepeHull
2021.—T. 12, Ne 1. - C. 46-57
A.A. Adnastarontsau et al.

Devices and Methods of Measurements
2021, vol. 12, no. 1, pp. 46-57
A.A. Adnastarontsau et al.

The KF also makes it possible to evaluate the sys-
tematic components of the errors of inertial sensors,
which makes it possible to correct the readings of the
linear acceleration sensors (SLA) (accelerometer)
and the angular velocity sensor (SAV) (gyroscope).

The refined values of the navigation parameters
are used for subsequent calculations of the KF
matrices.

The algorithm used for the loosely coupled
inertial satellite navigation system is based on the
error compensation scheme of the SINS algorithm.

To determine the errors of the SINS algorithm,
difference measurements are used, obtained on the
basis of data from both systems (SINS and GNSS).
These measurements are formed by subtracting from

the vectors of geodetic coordinatesr, and speed

Vi of the same vectors obtained from the GNSS —

n

Fonss and v

SNSS °

The obtained difference measurements are
processed by a discrete Kalman filter in accordance
with Figure 3.

The KF state vector (output) has the following
form:

X = [(6rn)T '(Svn )T (\II)T '(SSYSTEM Wi[;bb)T '(SSYSTEbe)T ]T,

where &r' —vector of errors in determining
coordinates using the SINS algorithm, size 3x1;

V" — vector of errors in determining the speed
using the SINS algorithm, size 3x1;

¥ =B, L, H]" — vector-column of WGS-84
coordinates, where B - latitude, L — longitude,
H —height (unit of measurement — [rad, rad, m],
respectively);

V' =[v,, v,, v;]" — column vector of velocity in
the accompanying CS (unit of measurement — [m/s]);

y — vector of the final rotation of the azimuthal
error and errors of constructing the vertical by the
SINS algorithm, the size 3x1;

b .
Ogysre Wy, — Vector of systematic components

of gyroscope errors, size 3x1;
b .
SSYSTEM f7 —vector of systematic components

of accelerometer errors, size 3x1;

b _r. b b b T g i
wy, =[w, Wiy w,_]" — vector column of indi

cations of a 3-axis SAV (unit of measurement —
[rad/s]);
fr=0f0f £ — vector-column - of  rea-

dings of a 3-axis of measure-

ment — [m/s’]).

SLA  (unit

The KF measurement vector (input) has the
following structure:

T rar
Z =[(rgns —Tanss) (Vs —Vonss) |-

Each iteration of the KF is divided into two
phases: extrapolation (prediction) and correction.

At the first stage, the state of the system is
estimated at each moment of time based on the data
of the previous iteration and the given dynamic
model of the system (taking into account its
inaccuracy).

The KF prediction stage is as follows:

Xik-1 = Ecxk—uk—] ;

Fo =155+ 4,dt,;

Pk|k—1 = F;chflUcle}cT + Qk;
A =G.dr;
0, = 4,04(;

O = diag(c7,0,),

where k — filtering step number;
)'Z'H , —predicted value of the KF state vector

at the k-th moment of time, size 15x1;

F, — the fundamental matrix of the state of the
KF, size 15%15, describing the dynamic model of the
system;

Py, —the covariance matrix of the predicted
vector of the state of the system at the current step
k, size 15%15;

A — transient perturbation matrix of the KF, size
15%6;

Q —process covariance matrix (model noise),
size 6x6.

At the second stage (correction), based on new
measurements, the predicted value is corrected (also
taking into account the inaccuracy and noisiness of
this information). The initial conditions at the current
iteration of the functioning of the KF algorithm are
the assessment of the system state (observation
matrix) and the error in the assessment of the previous
iteration. The estimation error is the measurement
noise covariance matrix R, in which the variances
of the corresponding vector components are found
on the diagonal.

After calculating the matrix of gains K, the
system estimate is updated: the KF state vector x,

and the covariance error matrix P, are updated for
the current and subsequent iterations.
The stage of KF correction is as follows:
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R, = diag(G7yss- O rignss );
Ve=z,-Hx, ;

K, = Pk|k—1HkT (HkPk|k—1HkT + R)_I;
)Ack‘k = fcklk_l +K. ¥,

By =Uysqs =K HO) By

5x15

where o —Root mean square (RMS) vector of

rGNSS
errors in determining geodetic coordinates using an

GNSS receiver;
G.cnss — RMS vector of the errors in determi-

ning the speed using the GNSS receiver;

y—vector of deviation of the measurement
result from the extrapolation result, size 6x1;

ifk‘ . — estimate of the state vector of the KF at

the k-th moment of time, size 15x1;

Py — covariance matrix of the system state
vector estimate, size 15x15.

In the proposed algorithm, the system of
linearized differential equations of errors of the
SINS algorithm is used as the equations of state of
the system in the KF. The error equations set the
relationship between the errors of the elements and
the inaccurate input of the initial conditions, on the
one hand, and the errors of the SINS output data, on
the other. This choice made it possible to estimate
not only the coordinate and velocity errors of the
SINS, but also the angular errors and systematic
errors of the inertial sensors, based on the difference
signals of coordinates and velocities. That is, despite
the absence of direct information about these errors
in the measurement vector, the information about the
object's orientation in space is corrected.

The operation algorithm of the navigation unit is
shown in Figure 4.

Setting initial data

Output of
navigation
parameters

SINS
working?

Yes

Performing the KF

prediction step

Implementation of the
PK adjustment stage

|

Refinement of the
SINS algorithm
parameters

Updating GNSS

)
L

data?

Figure 4 — Block diagram of the navigation block algorithm
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Despite the fact that the frequency of the
navigation solution issuance by the GNSS receiver
is lower than the SINS operating frequency, the use
of the KF algorithm made it possible not to carry
out additional interpolation of navigation informa-
tion from the GNSS receiver. This is achieved due
to the fact that the KF prediction stage is performed
with the frequency of receiving information from the
SINS. And the stage of correction is performed upon
receipt of the GNSS measurements. Thus, at the
moments of arrival of information from the GNSS,
both prediction based on the given dynamics of the
system and the vector of measurements are used to
estimate the state vector. At other times, the state
vector is estimated only on the basis of the given
dynamics of the system. Calculation results are
issued on request via the RS485 interface.

Navigation solution software

The navigation module has built-in specialized
software for the FreeRTOS real-time multitasking
operating system, which provides the formation of a
navigation solution (coordinates, speed, orientation)
based on data from the receiving and measuring
module of the Global Navigation Satellite System
and data from the 6-axis MEMS sensor STIM300, as
well as determining the orientation of the object and
the possibility of information exchange (receiving
data and control commands, issuance of navigation
parameters and data on technical condition).

After turning on the power supply (about 0.5 s),
a rough alignment of the initial parameters for SINS
is carried out. At the stage of rough alignment,
the roll and pitch angles are determined according
to the readings of SLA and SAV. In this case, the
initial coordinates and the heading angle take the
values set by default, the velocity components are
equal to zero. If an alignment by GNSS is used,
the rough alignment timer must be set for more
than 1 min (time sufficient to initialize the GNSS
receiver) (Figure 5).

At the stage of exact alignment, the roll and pitch
orientation angles are specified. It is recommended to
set the exact alignment timer in the range of 10-20 s.

The input data for the program are:

—SLA and SAV data received from ST/M300,
which are received via the UART interface and have
a binary representation. For a description of the data
format, see the STIM300 documentation. Data is
transmitted at 250 Hz without request. Data decoding
is done in the STIMParser class;

—data of the GNSS-receiver. The data is
received via the UART interface and has a binary
representation. Data is transmitted at a frequency of
1 Hz, processed by NTLBinaryParser drivers.

Power on

|

Coarse
exhibition

[

Exact
exhibition

12

Navigation

Figure 5 — Graph of states of the navigation module:
1 — activation of the rough exhibition timer; 2 — triggering
of the exact exhibition timer; 3 —command options:
"Alignment on Global Navigation Satellite System",
"Alignment on known coordinates", "Alignment on
known coordinates and course", "Alignment on Global
Navigation Satellite System and course"

The general structure of the program is shown
in Figure 6.

Navigation
module Main_app

jiil®

Polling function
SLA and SAV

Polling function
GNSS

Navigation
problem solving
function

UART exchange
function

Figure 6 — Software structure of the navigation module
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SLA  and SAV  polling function
(stimChanByteRx) — a function for controlling
the STIM300 module. Provides initialization of
STIM300, reception of data of angular velocities
and linear accelerations and their return through
variables of the STIMParser (stim300_parser.h).

GNSS polling function (nt1058 A ByteRx,
nt1058 B ByteRx) — a function for controlling
the GNSS receiver module. Implements receiving

and returning data through the nav sol ¢
structure (ntlbinary parser.h).
Function for solving the navigation

problem (sinsUpdate) — provides the calculated data
through the nav_data_t structure (common_data.h).

UART exchange functions (navChanByteRx,
navChanTx) — a set of functions that implement
the information exchange protocol via the UART
interface (RS485).

The output is a navigation solution:

— latitude WGS-84;

— longitude WGS-84;

— height WGS-84;

—roll angle;

— pitch angle;

— heading angle;

—northern, eastern and vertical components
of velocities in the navigation coordinate system;

— longitudinal,  vertical and  transverse
components of free accelerations in a bound
coordinate system;

—longitudinal,  vertical and  transverse
components of angular velocities in the associated
coordinate system.

—the quaternion of transformation from the
associated coordinate system to the navigation one.

The output data is transmitted on request
via the RS485 interface, in accordance with the
communication protocol.

Conclusion

The proposed multispectral optical-electronic
system of technical vision based on an aviation gyro-
stabilized platform with two degrees of mobility
and a two-loop stabilization system provides stable
detection and tracking of objects at a distance of up
to 10000 m in the visible and infrared ranges of the
spectrum.

The tracking algorithm allows updating the
reference image, allowing you to continuously
observe the object from different angles and
distances. Partial overlap of the object (up to 50 %

of the area) is possible, as well as its short-term full
coverage with other objects.

An algorithm for the integration of a Global
Navigation Satellite System and a Strapdown Inertial
Navigation System based on the extended Kalman
filter has been developed, through which the errors
in determining the angular orientation, velocities
and coordinates are estimated. These estimates are
further used to correct the values of the corresponding
parameters in the algorithm of the Strapdown Inertial
Navigation System.

Specialized software has been developed in
the FreeRTOS environment, which provides the
calculation of a navigation solution (coordinates,
speed, orientation) based on data from the receiving
and measuring module of the Global Navigation
Satellite System and data from the 6-axis MEMS
sensor STIM300.

References

1. Obrabotka izobrazheniy v aviatsionnykh siste-
makh tekhnicheskogo zremiya [Image processing in
aeronautical vision systems]. Ed. Kostyashkina L.N.,
Nikiforova M.B. M.: FIZMATLIT Publ., 2016, 234 p.

2. Damantsev Ye. Neraskrytyye vozmozhnosti proyek-

"Sych". Unikal'nyy udarno-razvedyvatel'nyy komp-
leks na baze Su-34. "Voyennoye obozreniye". Analitika.
[Undiscovered Possibilities of the "Sych" Project. A unique
strike and reconnaissance complex based on the Su-34.
"Military Review". Analytics]. 31.01.2020 (in Russian).

3. Advisory Circular AC Ne:20-167A. U.S. Depar-
tment of Transportation Federal Aviation Administra-
tion. 12.06.2016, 104 p.

4. David H. Titterton, John L. Weston. Strapdown
Inertial Navigation Technology, 2004, 2" ed., Radar,
sonar, navigations & avionics, 594 p.

5. Paul G. Savage. Strapdown Associates,
vol. 1, 2" edition, 1556 p.

6. Volkov V.G. Vertolotnyye optiko-elektronnyye sis-
temy nablyudeniya i razvedki [Helicopter optoelectronic
surveillance and reconnaissance systems). Journal "Special
Technique”, 2001, no. 3 (in Russian). Available at: http://
www.bnti.ru/showart.asp?aid=510&1vI=09.01.&p=1
(accessed 22.02.2021).

7. Makarchenko O.F.,Makarchenko F.I.,Nilov A.V.,
Rumyantsev G.N., Sukhov S.V. Sposob uvelicheniya
diapazona uglov povorota izdeliya otnositel'no giro-
stabilizirovannoy platformy, ustanovlennoy na izdelii v
kardannovom podvese [A method of increasing the range
of angles of rotation of the product relative to the gyro-
stabilized platform installed on the product in a gimbal].
Patent RF, no. 2552857, 2015.

ta

2000,

56



IIpubopsr u memoowl usmepeHull
2021.—T. 12, Ne 1. - C. 46-57
A.A. Adnastarontsau et al.

Devices and Methods of Measurements
2021, vol. 12, no. 1, pp. 46-57
A.A. Adnastarontsau et al.

8. Burets G.A., Gorokhov M.M., Denisov R.N.,
Nuzhin A.V., Pleshanov Y.V., Puysha A.E. Optiko-
elektronnyy sledyashchiy koordinator [Optoelectronic
tracking coordinator]. Patent RF, no. 2476826, 2013.

9. Amelin K.S. A method of orienting an ultralight
UAVs with a rare update of its position data [Metod
oriyentirovaniya sverkhlogkogo BPLA pri redkom
obnovlenii dannykh o yego mestopolozhenii]. Saint
Petersburg State University, 2014, pp. 3—14 (in Russian).
Available  at: https://www.math.spbu.ru/user/gran/
s0i10_2/Am10_2.pdf (accessed: 22.02.2021).

10. Sozdaniye  sistemy  tekhnicheskogo  zreniya
aviatsionnoy, shifr "Sych” [Creation of an aviation
technical vision system, code "Sych"]. JSC "Peleng".
State rubricator of scientific and technical information
SRSTI:59.14.29. from 21.08.2017. Register of scientific
research, experimental design and experimental tech-
nological work registered in 2017 / ed. A.G. Shumilina.
Minsk: State Institution "BelISA" Publ., 2018, 109 p.

11. Lukatsevich K. Tochno na tsel'. Pritsel'nyye
kompleksy OAO «Pelengy sootvetstvuyut samym vysokim
trebovaniyam. Oboronno-promyshlennyy kompleks Rossii
[Right on target. The sighting systems of JSC "Peleng"
meet the highest requirements. Defense industrial complex
of Russia]. Special information and analytical project.
Ne 2(23), July 2020, 70 p.

12. Bagmut . A. Nastroyka fil'tra Kalmana v zadache
korrektsii inertsial'nykh izmereniy v integrirovannoy

navigatsionnoy sisteme [Adjusting the Kalman filter in
the problem of correcting inertial measurements in an
integrated navigation system]. Bulletin of the National
Technical University "KhPI": collection of scientific
papers. Thematic issue: Dynamics and strength of
machines. Kharkov: NTU "KhPI" Publ., 2011, no. 63,
pp- 13-21 (in Russian).

13. Mkrtchyan V.1. Nastroyka fil'tra Kalmana dlya
otsenivaniya oshibki BINS po kursu [ Adjusting the Kalman
filter for estimating the SINS error at the rate]. Modern
science. actual problems of theory and practice. Series:
Natural and Technical Sciences,2018, no. 6, pp. 24-28 (in
Russian).

14. N. Al Bitar, Gavrilov A.L. Sravnitel'nyy analiz
algoritmov  kompleksirovaniya v slabosvyazannoy
inertsial'no-sputnikovoy sisteme na osnove obrabotki
real'nykh dannykh [Comparative analysis of integration
algorithms in a loosely coupled inertial-satellite system
based on real data processing]. Gyroscopy and navigation,
2019, vol. 27, no. 3(106), pp. 31-52 (in Russian).

DOI: 10.17285/0869-7035.0001

15. Benkafo A.S., Lobaty A.A. Osobennosti pri-
meneniya fil'trov  Kalmana-B'yusi v  kompleksakh
oriyentatsii i navigatsii [Features of Kalman-Bucy
filters application in orientation and navigation
complexes]. Belarusian State University of Informatics
and Radioelectronics (BSUIR) reports, 2013, no. 5(75),
pp. 67-71 (in Russian).

57



