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ABSTRACT:

In this article, the authors consider problems that affect the combat charac-
teristics in the combat use of self-propelled artillery systems. With the
understanding that one of the important characteristics is the speed of setting
the firing data and aiming the gun at the target, the aim is to reduce the
needed time while maintaining or even increasing the accuracy compared to
the traditionally used methods. The authors’ proposal is to introduce
automatic compensation taking into account the longitudinal and transverse
tilt of the machine at the firing position when determining the direction of the
gun body of the self-propelled artillery installation, the determination of the
elevation angle, and the angle between the main direction of fire and the
direction of the target. The authors consider two options for determining the
self-propelled artillery system’s own spatial position: using an inertial
navigation sensor and using digital terrain height data. In the case of applying
digital terrain data, the authors present results from simulation experiments
conducted in laboratory conditions.
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Introduction

Already in the 70s of the last century, the requirements for modern artillery to
accurately hit a large number of targets, coordination of actions, and
decentralization of battle formations, through automation of activities caused
a search for ways of their implementation.? The past years of implementation
of a number of means to improve speed and accuracy marked the path of
development of artillery, which even in the present finds its main purpose in
hitting targets on the battlefield.
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The use of self-propelled artillery systems from indirect fires is associated
with a number of challenges, which are specified as requirements for them in
the Manual for combat work of artillery fire units. Analyzing them in the field of
view, the decisive factor in the differences between self-propelled and towed
systems stands out: the possibility of firing at large deviations from the main
direction and, if necessary, conducting circular fire. Precisely because of the
speed of conducting a circular fire from the self-propelled guns, they will be the
focus of the present report.

The used 122 mm Gvozdika 2C-1 self-propelled artillery mount has a 360°
range of fire without changing its location. In order to lead accurate fire from
the firing position, the requirement is made that the tilt of the pivot axis of the
cradle should not exceed 30 Mils Soviet Union (32 NATO-MIL), and for powerful
guns — 15 Mils Soviet Union (16 NATO-MIL).° A characteristic feature is that dur-
ing a circular fire, the pivot axis changes its location, but there is no requirement
regarding the longitudinal inclination of the axis of the machine, and it is stated
that the location of the firing position must be horizontal level. In reality, this
inaccuracy is compensated for by aligning the gun gauges. Even so, differences
are obtained when firing at large angles of deviation from the main direction,
especially reaching 90° from the main direction of fire, when in reality the lon-
gitudinal and transverse inclination of the machine at the firing position change
their positions.

With the study, the main objective of the report is to find the speed in setting
the data for firing and pointing the gun after conducting fire from one target to
another regardless of the deviation from the main direction, so-called. maneu-
ver with trajectories. Reducing the time by a few seconds (10-15) will make a
difference in the rate of artillery fire.

Proposing Advanced Solutions in Determining Shooting Data

As shown in Figure 1, the general model of the automated fire control system
(AFCS) in the case of a Self-propelled Artillery Unit (SAU) consists of a sensor
subsystem, a subsystem for processing the primary sensor data, predefined tab-
ular data, and a general computing unit. The purpose of the AFCS is to deter-
mine the main firing data, which are the angle between the main firing direction
and the direction to the target and the elevation angle of the gun body when
the self-propelled gun position and coordinates of the hit target are set.

The sensor subsystem provides the required set of additional data, with
which greater speed and accuracy is achieved in determining the basic firing
data. In this material, we dwell on the possibilities for automated determination
of input parameters related to the self-propelled gun position and, more specif-
ically, the determination of the longitudinal (pitch) and transverse (roll) inclina-
tion of the chassis of the machine in the determined firing position. An assess-
ment was made for the degree of the practical application of the two consid-
ered approaches for determining the slope of the chassis of the self-propelled
guns.
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Figure 1: General model of AFCS).

Methodology

The applicable methods for determining pitch and roll are by applying an Inertial
Measured Unit (IMU) rigidly attached to the chassis of the machine and ori-
ented strictly along the longitudinal and transverse geometric axes, and a sec-
ond possible method is by applying Digital Terrain Elevation Data (DTED) in the
immediate vicinity of the already determined firing position.

For the purposes of subsequent consideration, we introduce the following
notations (Figure 2):
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Figure 2: Spatial relations in the arrangement of the firing position of the self-pro-
pelled artillery installation

e Inertial coordinate system (E), right-oriented, in the considered cases coin-
ciding with the applied geographic coordinate system in ENU notation, with
axes X. - East direction, Y. - Nord direction, Z. - Up direction;

e Local coordinate system of the ACS chassis, right-oriented, indicated in the
Figure 2 by (C) with axes X, — axis of longitudinal inclination, Y, — axis of
transverse inclination, Z, — axis of azimuthal rotation;

e Spatial angles in the local coordinate system: relative to the X, axis pitch 6,
relative to the Yy axis roll @, and course angle yaw .

Applying IMU

The determination of the pitch 8 of the angle and roll ¢, with the application of
aninertial sensor, rests on the physical fact that when the machine is stationary,
the vector of the direction of the ground acceleration, indicated in Figure 2 with
G, in the general case there are projections along the axes in the local coordi-
nate system C. These projections, denoted in Figure 2 with a,, a,, and a, meas-
ured by the IMU at the rest of the machine in a normalized form are numerical
values in the range [-1, 1] and, at the same time ,are functionally dependent on
the sought angles pitch 8 and roll ¢. The determination of the pitch of the angle
8 and roll ¢ can be carried out by applying the mathematical apparatus of rota-
tional coordinate transformations.

In accordance with the adopted Tait-Bryan sequence,® the rotation matrix Rc
in the local coordinate system of the SAU chassis in a sequence of performing
the individual XYZ rotations is presented as:
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The thus obtained rotation matrix Rc from expression (4) is applied to deter-
mine the normalized components a=[ay a, a,]" of the ground acceleration vector.
In the normalized form of representation, we assume the usual value of the
ground acceleration of G = 9.81 m/s? with G, = -1, taking into account the as-
sumed in Figure 2 directions of the axes of the local coordinate system C.

Ay 0 —sod

ay| _ 0]_| coso

a, Re X -1 —chco| (5)
1 1 1

In expressions (1 ... 5) the symbol s denotes the function sin(), and the symbol
¢ denotes the function cos(). As a result, for values of the desired angles of lon-
gitudinal slope pitch 8 and of transverse slope roll ¢, expressed by means of the
normalized components of ground acceleration ay, a, and a, , we obtain:

b = —sin"(ay), (6)

8= —tan~! (Z—’Z’) . (7)
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Applying DTED

The data for building a digital terrain model were acquired from a freely availa-
ble source. ®
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Figure 3: Georeferencing of the data from the digital model of the terrain.

The files containing the height of the earth’s surface are in ASCIl GRID format,
in rectangular matrix form, and their basic parameters correspond to the U.S.
standard. Military Specification Digital Terrain Elevation Data (DTED — level 1),
MIL-PRF-89020B in the WGS84 geodetic reference coordinate system. By apply-
ing the specialized Quantum GIS software, the data were converted to the Uni-
versal Transverse Mercator (UTM) projection reference coordinate system.
Data preparation for work in a 3D virtual scene was performed using the
qgis2threejs functional extension.*

An important and practical valuable feature of the thus synthesized virtual
spatial scene is the preservation of the inherent geo-referencing of the virtually
represented geographic objects. The georeferencing data carrier is the auto-
matically created information structure in json file format. The more important
parameters required to perform georeferencing are shown in Figure 3.

The modeled earth surface is in ENU notation coordinate system — positive x-
axis direction is East, positive y-axis direction is North, the z-axis is directed up-
wards Up. The coordinate system is right-oriented with linear units of meters
and angular units of radians.

As shown schematically in Figure 4 firing position of the SAU is denoted by
P(x, y), where the values of x and y are coordinates in the actual coordinate
system of the digital elevation model. Within the general modeled space of di-
mensions W and H, the upper left corner has fixed coordinates denoted by c
and c,. The height matrix {M} is accessed with the index 1,j. The firing position
of the self-propelled guns falls within the rectangle {Mo, M1, M,, M5}, the corre-
sponding indices are determined by applying the dependencies:

i = floor <PJ,_C’;>, (8)

Gsw
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Figure 4: Determination of the slope in the firing position of the SAU.

The possible placement of the firing position P is in one of the triangles
AMoM; M3, AM;M;Ms or occupies an intermediate position. Belonging to one of
these two triangles can be accurately determined by applying the “barycentric
coordinates” method. & If we assume that P € AMoM1Ms and we have Mo(xXo, Yo,
20), M1(X1, Y1, Z1), M3(X3, y3, z3), then the vector normal to the plane of AMoM;M;
vector 1 is expressed by:

¥ =M, — My;i= M; —M,; (10)
n=vXu=
1 = Y0)(z3 — 20) — (¥3 — Y0) (21 — 2p) Ty
= | (x3 —x0)(21 — 29) — (x1 — x0)(23 — 20) | = |y |. (11)
(x1 —x0) (Y3 — ¥0) — (x3 —x0)(y1 — ¥o) ng
In normalized form, the normal vector is represented as:
6 — M o _ Ty o _ TNz
nx - |n|in_’y - |n| rnZ - |n|» (12)
where:

In| = /n,% +nj +n2. (13)

Experiment Setup and Achieved Results

To assess the practical applicability of the proposed approaches, an error as-
sessment was performed for determining the slope of the chassis of the SAU.
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The experimental work was carried out using the created by specialists of the

Defense Institute “Prof. Tsvetan Lazarov” virtual spatial scene.
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Figure 5: Spatial virtual scene diagram for laboratory experiment.

Open source software products and data from freely available sources, Crea-
tive Commons - Attribution - Non-Commercial license, were used to synthesize
a realistic virtual spatial scene.® %2 In Figure 5 schematically shows the sequence

of work and interconnections in the process of creating the virtual scene.

The software solution allows simulating complex artillery tasks for firing from
closed firing positions. The three-dimensional map base is organized according
to the method described above in the text. A graphical user interface has been
created, with the help of which the positioning of a self-propelled gun model is
controlled, the targeting process is simulated, and the basic firing data is deter-

mined.
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Figure 6: Screen from the experimental setup.

Determination of the angle to the direction of the target is determined geo-
metrically using data on the coordinates of the firing position and the target. In
the process of determining the elevation angle of the gun body (in the case
without chassis tilt compensation), the distance to the target measured in the
virtual scene and polynomially approximated data from the standard firing table
of the relevant artillery system are used.

Given the set coordinates of the firing position and the thus determined ele-
vation angle of the gun body, a three-coordinate simulated calculation of the
ballistic curve of the shot is performed. For this purpose, a computational pro-
cedure for solving a system of differential equations has been introduced as a
program function of the JavaScript programming language, with results compa-
rable to the theoretical ones from the corresponding shooting table. The inter-
section of the ballistic curve with the three-dimensional model of the earth’s
surface is the impact position of the artillery shell. Hit coordinates are deter-
mined by applying the “raycaster” method from the object-oriented model of
the TREEJS software library. ’

In Figure 6 shows a screenshot of the experimental setup for simulating artil-
lery fire in a realistic spatial scene. The situation in the figure was created exclu-
sively for the purpose of the experiment and does not reflect the actual place-
ment of an artillery system in the area.

At a specified distance to the target of 10320 m, a series of 10 simulated shots
were conducted with an elevation angle ranging from 15054’ to 17030’. The
exact numerical data from the experiment are shown in Table 1. The reported
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distances of artillery hits are from 10310 m, which corresponds to a hit accuracy
error of 0.09% to 10542 m, which corresponds to a hit accuracy error of 4.93%.

If we assume that the allowable error in the accuracy of the first shot when
firing from a closed firing position is no more than 5%, then the error in deter-
mining the elevation angle of the gun body can possibly reach 10.06%. The latter
conclusion can be considered valid when firing in the range of tested distances
to the target, which are 2/3 of the maximum engagement distance for the given
artillery system.

Table 1. Numerical data from the experiment .

DMS Thousands Distance[m] Error [%]
15.54 266 10310 0.09
16.06 269 10376 0.55
16.18 272 10443 1.19
16.23 274 10476 1.52
16.36 277 10542 2.15
16.48 281 10606 2.77
16.53 282 10638 3.08
17.06 286 10703 3.71
17.18 289 10766 4.33
17.30 292 10828 4.93
Conclusions

The methods proposed by the authors for compensation of the elevation angle
of the gun body depending on the slope of the chassis of the self-propelled guns
in the coordinates of the firing position are applicable as long as the compensa-
tion angle of slope is determined with an error within 10%.

Possible DTED implementation error

Digital terrain elevation data obtained by the Space Radar Topography Mission
(SRTM) method at different representation levels are characterized by different
height representation errors. In the most favorable cases, the relative height
error is defined as +6 m. 2 If we assume the maximum size of the chassis of the
SAU of 7.26 m %2, then the determination of longitudinal and transverse inclina-
tion using the expressions (12) will lead to an unacceptable error of approxi-
mately 58°. The method of compensation using DTED in the modern accuracy
of the digital model in height is not applicable in practical conditions.

The created virtual spatial scene works with a generalized three-dimensional
representation model of the earth’s surface, in the case experimented by the
authors, itis a cell of a rectangular matrix with a side size of 601m. In laboratory
conditions, the simulation environment can provide an error of 1.14° when de-
termining the compensation angle of elevation, which, according to Table 1, is
sufficient to simulate the first shot with a deviation of no more than 5% from
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the desired distance to the target. Developed at the Defense Institute “Prof.
Tsvetan Lazarov” a realistic spatial virtual environment is applicable for con-
ducting simulation experiments on researching the combat capabilities of artil-
lery systems.

Possible IMU implementation error

Micro Electro-Mechanical System (MEMS) inertial navigation sensors combine
accelerometer, gyroscope, and magnetometer hardware components in their
housing. Examples of such commercially available devices are the product MPU-
9250° and the relatively more precise electronic gyroscope STIM210.%* Each of
the hardware components makes measurements of a characteristic physical
quantity with inherent error. For the accelerometer, the measurement error is
due to rapidly changing signal deviations due to electro-mechanical noise of the
device, vibrations in the mechanical structure, and geometric inaccuracies in
manufacturing and assembly. The gyroscope is characterized by a slowly chang-
ing deviation of the measured signal, also called drift. Known methods for over-
coming measurement error are applying digital processing of the primary signal
with Kalman filters. A published study* reported a maximum error in the deter-
mination of transverse or longitudinal slope of no more than 5°. With reference
to the expressions (6, 7), it can be argued that the measurement error of the
STIM210 type IMU in the range 0° + 30° will not exceed 6%. The latter allows
drawing the conclusion that correcting the elevation angle of the self-propelled
gun body using the IMU to determine the tilt of the chassis in the place of the
firing position is applicable in practice.

The research of the authors in this report shows a real practical focus on the
following main activities:

e Shortening the time to select the location of the cannon on the terrain, es-
pecially for uneven terrain. This activity, carried out by the artillery recon-
naissance groups without the presence of self-propelled guns, is a labor-
intensive task for personnel with little or no practical experience;

e Increasing the accuracy of artillery fire at large angles of deviation from the
main direction;

e Reduction of the time for alignment of the measuring instruments at large
angles of deviation from the main direction.

Testing the results in real field conditions is possible when developing auto-
mation, calculating corrections for shooting data from the tilt of the pivot axis
in its different locations in a circle. The application can be carried out not only
for the specified 2C-1 system but also for the 122 mm multiple rocket launcher
BM-21, where, together with increasing the range, the application of this type
of automation will also have a positive effect.
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