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Abstract:

This paper investigates dynamics of a PRV-1 machine-gun mounted on a combat robot
using multi-body mechanics and finite-element approaches. A model quantifies gas pres-
sure forces on the barrel base and piston face, including a damping mechanism.
Structural dynamics were solved by two methods: differential equations of motion solved
in Maple and dynamic equivalence modeling in MSC Adams. Results — presented as time
histories of displacement and velocity for the bolt carrier, gun body, and robot — agree
methods and match observed operational behavior. The analysis demonstrates the criti-
cal role of the damping system in reducing recoil and improving accuracy, identifies key
dynamic parameters for optimization, and provides a scientific basis for designing and
optimizing weapon systems on future platforms, as well as guiding future experimental
validation efforts.
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1 Introduction

Today, along with the continuous development of science and technology in all fields
of social life including the field of military science, great achievements have been
achieved. One of the most significant ones is the technology that allows minimizing
the presence of people on the battlefield. The installation of automatic guns on combat
robots is a trend to perform tasks to ensure the safety of soldiers in special combat
spaces. However, this combination must comply with strict military-technical re-
quirements, including the requirements for stability and especially the firing accuracy
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of the weapon. Therefore, the investigation of the dynamics of the robot-weapon sys-
tem in combat is an important basis for building the structural parameters of the robot
to satisfy the actual tasks set.

In the world, in addition to the development of weapons with high legality and
aerial operation, foreign military experts also research and develop combat robots.
Combat robots are divided into two main types: autonomous combat robots and con-
trolled combat robots. Alongside the development of highly lethal airborne weapons,
foreign military experts are researching and developing combat robots. Autonomous
combat robots are robots that are capable of operating on their own in a region, identi-
fying their own targets, and firing without human intervention. Controlled combat
robots, after reconnaissance detects the target, have their firing decided by the operator
at the control station. Some typical types of robots are the Russian Platform-M robot,
the American Talon Sword robot, and Israel’s Typhoon system [1] and [2].

[3] presents a method to determine the parameters to evaluate the firing stability
of the howitzer mounted on wheeled vehicles. The dynamic model is established based
on Newton’s law of motion. The model consists of 2 rigid bodies with 5 degrees of
freedom. The 105 mm howitzer M101 mounted on the wheeled vehicle Ural-375 is
selected for the dynamic model simulation. This paper also presents a method for cal-
culating the recoil resistance and applies the dynamic analysis of recoiling parts of the
105 mm Howitzer M101 when it is recoiling. The results in this paper are used to test
the firing stability of the howitzer mounted on wheeled vehicles. This is also a scien-
tific basis that can be used in research and design calculations to optimize the structure
of the artillery-vehicle complex. In [4], dynamic simulations are run and their results
are compared with matching experimental data to validate the model; the method is
applied to computational and experimental studies of Russia’s BM-21 system.

In [5], the mathematical model of a 12-degree-of-freedom (DOF) light armored
vehicle is introduced, consisting of eight degrees of vertical freedom of movement of
eight tires, three degrees of freedom of vertical movement, rolling and tilting of the
hull, and one degree of freedom of angular movement of the turret relative to the
weapon platform. The two sources of interference considered in this study are uneven
lines and jet force at the weapon mount. The research results show that the active sus-
pension system based on stability enhancement can significantly improve the dynamic
performance of light armored vehicles compared with passive systems. The article [6]
deals with the vibrations of the main parts of the weapon system where the automatic
cannons are mounted. The dynamic model has 8§ DOF with three parts: hull, turret, and
elevation parts. The presented procedure can evaluate the possible changes of the ele-
vation angles, like the aiming errors during the variation of the dynamic
characteristics, for example, the masses, mass moment of inertia, stiffness, damping
coefficients, and weapon operation principle. The sensitive analysis was applied on the
system.

The study [7] examines the effects of arm construction, arm mounting location,
and firing angle on the vibration response of the body tube in special vehicles and un-
manned vehicles. Unlike traditional two-degree-of-freedom combat robots, this paper
establishes a rigid-flexible coupled dynamic model for a new three-degree-of-freedom
combat robot to investigate the response characteristics of its body tube during move-
ment. To accurately reflect the driving conditions of the mobile robot, a road surface
unevenness model was established using the sine wave superposition method. The
firing accuracy of a small combat robot can be affected by the speed and road condi-
tions, as shown in numerous studies.
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[8] investigates the crashworthiness of the developed TAERO UGV using finite
element method (FEM) analysis. Descriptions of the LS-DYNA simulation model,
material properties, and boundary conditions are provided. The primary objective was
to numerically assess the bumper performance during impact, considering the opera-
tional speeds and crumple zone of the vehicle. An optimized numerical model was
introduced to efficiently simulate vehicle collisions, focusing on key structural ele-
ments. The presented numerical analysis indicates that impacts with typical obstacles,
like tree trunks in unstructured terrain, cause minimal damage, not affecting the opera-
tional vehicle capability. Minor bumper damage, such as dents, varies and is more
noticeable at higher speeds, while almost imperceptible up to 25 km/h. Stress distribu-
tion highlights the role of side components in energy absorption and structural
deformation. The results confirm the structural integrity of the vehicle and provide
valuable data on its operation performance in complex environments during special-
ized missions.

To improve computational efficiency, the Next-Generation NATO Reference
Mobility Model (NG-NRMM), an accelerated global mobility prediction method,
DSAM, is proposed [9]. Unlike previous studies that focused solely on terrain model-
ing or computational acceleration, DSAM introduces a dual-strategy synergy that
combines data-driven FE-DE coupling with adaptive soil patch computation to achieve
order-of-magnitude simulation speedup. Specifically, this method enhances simulation
efficiency through two primary strategies. First, in terrain modelling, a data-driven
FE-DE coupling approach to overcome the computational dimensionality challenges
inherent in DE simulations is introduced. Second, in simulation computation, the au-
thors propose a non-complete moving soil patch method combined with multi-CPU
parallel processing to substantially improve the real-time performance of mobility
simulations. Experiments using real terrain data show that DSAM significantly im-
proves prediction efficiency while maintaining accuracy.

In scientific research, some studies have used the multi-object system mechanics
method to investigate the stability problem of weapons-price systems. [10] deals with
the vibration of automatic weapons mounted on a tripod in the event of a shot. The
theoretical part creates a spatial model of the dynamics of a multibody system using
the method of Lagrange equations of motion, which considers the influence of the
terrain and the human body. The model has been experimentally verified on the
30 mm AGS-17 grenade launcher. The obtained results are the basis for evaluating the
fire stability of an automatic weapon when firing in bursts, which allows moderniza-
tion of existing weapons and their new use by troops, such as further vehicle mounts,
Navy and Coast Guard vessels, and helicopters, as well as evaluation of similar weap-
on systems.

[11] deals with the analysis of the automatic weapon firing stability mounted on
the tripod. The dynamic model has eight degrees of freedom. Three degrees of free-
dom represent translational motion of the weapon, and three degrees of freedom
belong to the rotational motion with the gravity center. The last motions are shooter
displacement and the vibration of the elevation parts. The method can evaluate the
possible changes of the elevation angles, firing height, and weapon operation princi-
ple.

In [12], a new twin-barrel gun model for calculating firing on the elastic ground
to study the effects of structural parameters on the weapon’s performance is proposed.
This paper intends to provide a theoretical basis and establish a specific model of
a twin-barrel gun, to build a system of differential equations of vibration, and to de-
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termine the rules of vibration of the gun when firing on the elastic ground. The method
is used to establish a model of two sets of automatic firing systems by dynamics of
a multi-body system. The results of the calculation revealed the instructional signifi-
cance for improving the vibration performance and increasing the firing accuracy.

In Vietnam, to implement the project “Research on integration of existing weap-
ons into motor vehicles for day and night combat”, the Institute of Mechanization
Engineering has implemented the project “Research and calculation on the design,
manufacture, installation, and testing of 105 mm cannon and 12.7 mm anti-aircraft
machine gun integrated into Ural-432007-10 military transport vehicles”. In 2017, the
Institute of Technology developed, manufactured, and launched a multipurpose auton-
omous robot for reconnaissance and ground combat, capable of operating under harsh
conditions. In 2014, the Le Quy Don University carried out the project “Research on
the installation of 12.7 mm anti-aircraft machine guns of the NSV type and 82 mm
mortars on PCF ships”.

However, there are very few studies on the dynamics of weapon systems mounted
on mobile platforms that simultaneously employ multibody mechanics methods and
dynamic simulation methods to assess the accuracy of their results. This research aims to
evaluate the stability of an automatic gun mounted on a combat robot by using both
computational approaches.

2 Developing a Model for Calculating and Surveying the Dynamics
of the Robot-Weapon System

2.1 Basic Hypotheses

Based on analyzing the principle of operation and the properties of the gun-robot sys-
tem with a recoil reduction mechanism, the following assumptions are accepted:
* The mechanism is a system of many objects. The mechanisms of the gun are
absolute solid objects made up of some parts.
* The mass of objects in the system is the mass of distribution replaced by the
concentrated mass and placed at the center of the object.
* Consider the body parts, sighting mechanism, and gun mount to be rigid and
rigidly locked during firing; the links are considered ideal, without gaps.
* The effect of the gun box on the rack through the recoil damper, making the
gun box move in a linear direction with the coefficients Ky, Byg.

2.2 Robot-Weapon System Calculation Model Using Multi-Object Learning Method

The system consists of four objects: object 1, including the body, the sight part, and
the gun rack, with a mass of mi; object 2, the barrel of the gun, with a volume of my;
object 3, the basic stage, with a volume of ms3; and object 4, the working stage of the
automatic machine, with a shift depending on the movement of the base stage. Within
the framework of the article, we consider the barrel lock (Fig. 1). The paper is consid-
ered in the vertical plane, and the correlation between objects is simultaneous in
a system. To survey, we use coordinate systems: the fixed coordinate system Oxoyozo is
attached to the Oo center of gravity of the vehicle before firing. The dynamic coordi-
nate system Oxyizi is attached to the body, Ox»y»z» is attached to the barrel, Ox3ysz3 is
attached to the barrel lock platform, and Ox4yszs is attached to the barrel lock. The
direction of the coordinate axes is shown in Fig. 1.
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Fig. 1 Model of mechanical system

Within the framework of the content of the article, the author considers the
movements of the system as follows: the robot has a gun holder in stop mode. The gun
body ms is linked to the robot mount m; via a sliding joint and shock absorber, which
has a transitional motion along the O»x; axis relative to the robot. The barrel lock plat-
form (base stitching) mj3 slides along the barrel mo, so there is a ramp shift along the
Osx3 axis. The barrel lock m4 (working stitching) moves in the directional groove on
the barrel and is linked to the base stitch line.

To analyze the firing fluctuations of the gun when mounted on the robot, the
study simplifies the computational model while maintaining the accuracy of the mech-
anism under investigation. The system is described using the following generalized
coordinates (degrees of freedom): transitional displacement of the body’s center of
gravity ¢ along Oxi; transitional movement of the gun box ¢» along O»x»; transitional
displacement of the barrel lock platform’s center of gravity g3 along Osxs; and transi-
tional movement of the lock platform’s center of gravity g4 along Oux4.

A system of differential equations describing the motion of a system using the
Lagrange method has the form [13, 14]:

df ot Ty N
Al 0 |\ O _  iojig jz1e4 1)
dt[aqj(t)] oq,(1) = /

where T — the total kinetic energy of the system; Q; — the generalized forces acting on
objects; g; — the coordinates of the deduction.

The structural simulation model using the dynamic simulation method in MSC
Adams software was presented in Fig. 2.

3 Solving the Problem of Robot-Weapon Mechanical Dynamics

3.1 Determination of Mechanical Kinetic Energy, Possible Work and Amplification
Forces

The kinetic energy of a system is determined as the total kinetic energy of objects:
I; =1, +T, +T; +T, @)
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Fig. 2 Structural simulation model in MSC Adams software

where

1. : I
T, = ERlT my R, — the kinetic energy of the robot,
1. : I
T, = 5( RymyR, +w" AT I, AJ" a)) — the kinetic energy of the gun body,
1, : I .
T = E(R3T myRy + " AJLAY" a)) — the kinetic energy of bolt carrier,

1., : _— .
T, = E(Rfm4R4 +a)TA§ I 4A3T a)) — the kinetic energy of the bolt mechanism.

Ri, Ro, R3, R4, m1, ma, mz, mg represent the center vector and mass matrix of the robot,
gun body, bolt carrier, and bolt mechanism in the Oy fixed coordinate system. I, I3, I4
represent the inertia tensor of the gun body for the axle system in the coordinate sys-
tem O, the bolt carrier in the coordinate system O3, and the bolt mechanism in the
coordinate system Os:
T
R =[q 0 0
Ry =R, +A; xU}
Ry = R, +Aj XU,
R, =Ry + Ay xU3
w=43x[0 ¢, 0
2 _ T
Uy = [a21 by, C21]
3 _ T
U; =[ay, +q5 by ¢

U;=[043+LI4 bys 043]T

where AZ,AJ, Ay — the matrices are transferred from the static coordinate axis sys-
tems O, O3, and O; into the fixed coordinate axis system Oy,
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U 12 U ;,U ; — are accordingly original vectors O- in the axis system O, original vector

in the axis system Os in the axis system O», original vector Oy in the axis system Os:

Aj = A}
43 =43 % 4]

Af,A;,A;1 — accordingly, are the rotating matrices from coordinate axis systems O; to
01, O3 to Ozand O4to Os:

Al =

oS o =
S = O
- o O

[ cosq, 0O sing,
A=l 0 1 0

| —sing, 0 cosgq,

[ cosa 0 sing
A{=| 0 1 0

-sina 0 cosa

o — the deviation angle of the direction of movement of the bolt mechanism stitch
relative to one of the axes of the axis system Os.

The total virtual work of the generalized forces is calculated according to the
formula:

4
OW = WP + IWF,, + dVFy, + dWF,, + VP, +[Z ‘WFW"] + WF, + WF, (3)
k=1

where OWP, 0F, 0Fam, OWPpg, OWPge, oWy (k = 1,-++, 4), 6WF,, and OWF,, are re-
spectively the virtual work of gravity, the force of the thrust spring, the force of the
recoil damping mechanism, the propellant gas force, the force of the gas pressure in
the gas chamber acting on the gun, the elastic force of the wheels, the resistance force
of the magazine, and the auxiliary resistance force of the automatic machine [15, 16],
in which:

4
s OWP= Z OWP, + WP, + VR, — the virtual work of gravity,

i=1
* OWP = BT OR;, (i=1+4) — the virtual work of gravity of objects 1, 2, 3, 4,
« OWP, =P, 3R, — the virtual work of magazine mechanism,
» OWR, = B} OR,, — the virtual work of bolt,

2 0R, & 0R & 0R
* OR, =) —%0q;;0R,, =) —%0q,;;0R,, = b
) JZI"‘IJ S ; 9, ) ;6%‘
movement of the center of gravity of objects 1, 2, 3, and 4; the magazine mech-
anism; and the bolt.

Oq; ~— the virtual
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OWF,, = —F (é’RIZS - 5Rt3s) — the virtual work of the force of the thrust spring,

F, = K5(f3 +¢3) — the compression force of the recoil spring,

 OR> 4 OR]
OR2 = Z—‘S aq; OR} = Z—‘S dq; — the virtual movement of the points of
=10 =10

force on objects 2 and 3,

f30 — the spring compression corresponding to position g3 = g3o,

OWF,,, = F;,,OR, — the virtual work of the force of the recoil damping mecha-
nism,

Fyn = Ky ( o —qz) — the compression force of recoil damper spring; f20 — the
initial compression corresponds to the balanced position before firing,

OWP,, = PPTg OR,, — the virtual work of the propellant gas force,

F,, — the pressure force of the propelled gas is calculated according to the sys-

tem of internal discharge equations,
- O

OR,, = Z . dq; — the virtual movement of the point of force Py,
j=1 %4

OWF,, = ch (JRgc - JRgC) — the virtual work of the force of the gas pressure in

the gas chamber acting on the gun,
P,y — the pressure force of the propeller gas in the gas chamber is determined
according to the thermodynamic equation system of the gas chamber,

5 GOR), . L OR], _ .
O'RgC = Z 3 oq i O'RgC = Z 3 oq ; — the virtual movement of the points
j=1 94 =194

of application of the forces P, in the moving coordinate frames O3 and Og,
OWF,,, = F,;OR,, — the virtual work of elastic force Fy at the wheel k,

Fg = Aészkl — the force applied at the wheel £,
& OR
ORy = 5 wk

j=1 %4

oq i the virtual movement of the point of force Fux,

A(l)z — the matrix rotating around the z-axis from the O; axis system to the Og

axis system,
F,,;, — the force applied at the k£ wheel in the O, axis system,

OWF, =F. JR, . — the virtual work of magazine resistance force,

Fnr — the magazine resistance,

4
OR, = OR
=1 04,

q; — the virtual movement of the resistance point of the mag-

azine,
OWF,, =-F, (JR:r - 6R:r) — the virtual work of the auxiliary resistance force

of the automatic mechanism,
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* F, — the auxiliary resistance of the automatic machine includes ejection re-
sistance, resistance to withdrawal and casing withdrawal, and friction on the
slides,

. 5R3—26R‘i5 5R4—2615 — the virtual t of the auxili

o . q e virtual movement of the auxilia-
Jj=1 Jj=1
ry resistance point on object 3 in the O; coordinate system and of object 4 in the
O coordinate system.

3.2 Solving the Problem of Internal Launch and Thermodynamics of the Gas Chamber

To determine the force of the gas pressure acting in the barrel, we need to solve the
problem of internal launch. Different methods can be used; here the author uses the
method of integrating the number of differential equation systems. The differential
equation system of the inner ejection problem is expressed as follows [17]:

d S
_V:<t153£_m
d/
525153"
L_or
dt lek
d(:() (1+2/]Z) "(chb ( _{B)Gd “4)
Iy
— :fz 5)(w(1+2/11)1£ +&sv
k
d 1 XY 1-ao
R S
p[beb 1 —$3 Gd] Kzl’}

where K, — the function to determine heat loss which is determined as follows:
(k=1) Av,0r (F, +mndl)
K, =
R
A — the thermomechanical equivalents [J]; Fx — the initial surface area of the ammuni-

tion chamber [m?]; d — the caliber [m]; [ — the distance of movement of the bullet in

the barrel [m]; R — the gas constant, [J-mol™'K™']; &t — the heat transfer coefficient
[W-m~2.K™'].

where Tis — the inner surface temperature of barrel [K]; 7° — the propeller gas tempera-
ture, [K]. Function to determine a flow rate:

v — the bullet velocity [m-s™']; p — the propeller gas pressure [Pa]; S — the cross-
sectional area of the barrel [m?]; @ — the virtual factor of bullet mass; & — the propeller
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gas generation capacity [m*kg™!]; d— the specific weight of propeller [kg-m=]; F —
the propellant force [N]; k — the multivariate index; w — the volume of space behind
the bullet bottom [m?]:

w=w, +SI
wo — the initial volume of the bullet chamber [m?]; m — the bullet mass [kg]; w— the
propellant weight [kg]; a — the weight of propellant gas [kg]; Ix — the momentum of
propellant gas pressure [N-s]; x,A — the propellant shape characteristics; z — the rela-

tive thickness of propellant particles; G, — the air flow into the air chamber [kg-s7'];
G, — the air flow through the muzzle of barrel [kg-s™'];

Gy = HySyi \jpTwC ['54‘41 +(1 ‘54)A2A2(,8)}

Gy =S et [0t +(1-€,) A4 (B)]

)

w

where

= & — loss factors,
k-1

ERE]
A (B)=\B* =B * —loss function,

B = ﬂ
P
where pi, p» — the pressure in the chamber in which the drug gas flows in and out;
g — the gravity acceleration, [m-s~2]; S,; — the gas extraction hole area [m?]; & — the
control coefficient that determines when the projectile begins to move after the car-
tridge link is severed; & — the control coefficient that determines the time at which the
propellant has completely burned; & — the control coefficient that determines the time
at which the projectile exits the barrel; & — the control coefficient that determines when
the projectile nose has passed the gas port on the barrel wall.
The coefficients are determined according to Tab. 1.

Tab. 1 Coefficients & in the internal ballistic calculation

$ $i & & $i
| valve | LI . L . Lo oo o ro o
condition P> po p<po| z<1 721 [<l 21 =] 1<

po — the bullet belt cutting pressure [Pa]; I; — the length of the barrel with twist groove
[m]; I; — the location of the air extraction hole from the end of the twist groove [m]; &,
&1 — the control coefficients used to solve the thermodynamics of the gas chamber.

With ,th = (%)kﬂ , coefficients &, & are determined according to Tab. 2.
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Tab. 2 Values & and &

& a
1 0 1 0

BS lggh ,8>,8gh BS lggh ,8>,8gh

3.3 Determination of the Force Applied to the Gas Extraction Device

The system of equations describes the thermodynamic process in the gas chamber
based on the basic processes of aerodynamics as follows:

day, _ _

dr ,(G,, Gdc)

dw, ;
S =g (%s,) ©
dp, _ ii(kRTG,, ~kRT, —kp,w,)

dr Wy,

where a), — the weight of the propellant gas flowing into the gas chamber [kg]; w) —
the volume of propellant gas occupying a place in the gas chamber, [m®]; S, — the
cross-sectional are of piston head [m?]; p, — the pressure in the gas chamber [kg-m™];
X - the velocity of the bolt carrier [m-s™' ]; T, — the temperature in the gas chamber
[K]; Gac — the air flow through the gap between cylinder and piston of the air chamber
[kg-s™']:

P
Gac = /uk SAAI b a%
W

where Sa — the area of the gap between piston and gas chamber cylinder [m?]; g4 — the
loss coefficient (t4 = 0.3-0.5).
This system of equations is solved simultaneously with the system of Eq. (4).

3.4 Solving the Problem of Robot-Weapon Mechanism Dynamics

The system of differential equations to solve the dynamic problem of the system in-
cludes the system of differential equations that describes the movement of the system,
the system of internal launch differential equations of PRV-1 machine guns, and the
system of thermodynamic equations of gas chambers. The input data to solve the in-
ternal launch technique problem and the air chamber thermodynamic problem of
PRV-1 guns are obtained according to the document [18]. Robot-weapon system in-
puts are taken from model simulation data on Autodesk Inventor graphics software:
P;=1000 N; P, =200 N; P3 =755 N; P4 =86 N; P, =0.75 N; P, = 147 N;
Jiwe = 1.667 kg-m?;, Ji,, = 2.833 kg-m? Ji; = 3.234 kg-m? Jo. = 0.018 kg-m?;
Joyy =0.018 kg-m? Jo; = 0.014 kg:m? Jae = 0.01 kg-m?% J3, = 0.27 kg-m?
J32:=0.269 kg-m?; Jue = 0.00014 kg-m?; Jayy = 0.009 kg-m?; Ju; = 0.008 kg-m?;
Jmxx = Jmyy = Iz = 325.107 kg-m?; Joxx = Joyy = Joiz = 926.108 kg-m?. The spring stiff-
ness of the robot’s shock absorber: Ky, = 800 N-m™'; the stiffness of recoil damper
spring: Kam = 300 N-m™!; the stiffness of the thrust spring back: K3 = 4 N-m™!. The
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coordinates of the center of gravity of objects are determined according to the system
simulation software.

Maple software is used to simultaneously solve dynamic equation systems, in-
cluding differential equations that describe motion, internal discharge processes, and
the thermodynamic behavior of the gas chamber. As a result, we obtain the law of gas
pressure, the law of movement of bullets, the law of air chamber pressure, the law of
movement of automatic machines, and the law of movement of the mechanism during
firing.

Figs 3 and 4 show the results of the internal launch and thermodynamics of the
gun’s air chamber when firing.
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Fig. 3 Graph of bullet displacement and velocity in the barrel
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Fig. 4 Graph of internal ballistics pressure for three consecutive shots

The results of the calculation of the internal launch technique and the thermody-
namics of the gas chamber are relatively close to the test results of previous research
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works and the manufacturer’s official documents. Specifically, the maximum pressure
value in the barrel is 304.363 MPa; according to the manufacturer’s documentation, it
is 305 MPa, and the error is 0.3 %. The calculated muzzle velocity is 837.2 m-s™';
according to the manufacturer’s documentation, it is 825 m-s~!, the error is 0.15 %.

Fig. 5 shows the displacement and velocity of the bolt carrier when firing at an
angle of about 0°. The firing cycle time is 0.0924 s, which corresponds to a theoretical
rate of fire of 648 rounds per minute. The rate of fire recorded in the equipment manu-
al is 650 rounds per minute. The calculated rate of fire is relatively consistent with the
published references and the manufacturer’s documentation.

6.0 0.12

0.08

Velocity (m/s)

Displacement (m)

—V —X

Fig. 5 Graph of displacement and velocity of the bolt carrier

Figs 6a, 6b shows the displacement and velocity of the gun body when firing at
an angle of about 0°. Regarding the oscillation of the barrel, the results show that the
dis-placement of the barrel relative to the price through recoil reduction depends on
the initial preliminary parameter of the recoil reduction. The working cycle of the
recoil absorber when installing the recoil absorber spring as calculated is smaller than
the working cycle of the automatic machine, ensuring refueling, so the work between
different shots will not have too much difference in the position of the gun barrel.
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Fig. 6 Graph of displacement and velocity of the gun body:
a —displacement; b — velocity
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Figs 7a, 7b shows the displacement and velocity of the vehicle platform, and Figs
8a, 8b shows the roll and pitch angle of the robot body when firing at an angle of
about 0°. In terms of body oscillation, the displacement of the body compared to the
fixed coordinate system depends on the weight of the whole block and the friction at
the wheels. The force acting on the wheels is the sum of the forces caused by the mass
of gravity and the forces generated by the shot.
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Fig. 7 Graph of displacement and velocity of the vehicle platform:
a — displacement; b — velocity
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Fig. 8 Graph of roll and pitch angle of the vehicle platform:
a — roll angle; b — pitch angle

The survey results of firing the gun on the robot at different elevations and azi-
muth angles show that the time-history vibration plots during firing are relatively
similar. When firing at an elevation angle of 30°, the displacement of the links is
greater compared to an elevation angle of 0°, but the difference is insignificant. When
firing at different azimuth angles, the oscillation angle is larger compared to an azi-
muth angle of 0°, but the difference is relatively small.

3.5 Simulation of System Dynamics Using Dynamic Simulation Method

Based on the model developed in MSC Adams — with parameters for element dimen-
sions and layout conforming to the PRV-1 cannon’s construction — the simulation
verifies the mechanism’s behavior and confirms that the gun functions according to its
designed operating principle. The input values correspond to the initial data of the
problem when surveyed by the mechanical method of multi-body systems. The exter-
nal force acting on the mechanism includes the force exerted by the pressure of the gas
on the bottom of the barrel and the force for the pressure of the gas extraction applied
to the piston obtained from the results of the internal launch and thermodynamic prob-
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lems of the gas chamber. The results of the corresponding mechanical dynamics analy-
sis are shown in Figs 9-12.

‘
500 1 10000.0:
E 1000 | E 500 /\ A
: gt
2 1500 3
= ; -50000
b -100000
00 005 01 015 02 025 03 A0 005 ] 015 02 055 03
Time (sec) Time (sec)
a) b)
Fig. 9 Graph of displacement and velocity of the bolt carrier:
a — displacement; b — velocity
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Fig. 10 Motion graph of displacement and velocity of the gun body:
a —displacement; b — velocity
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Fig. 11 Motion graph of displacement and velocity of the vehicle platform:
a —displacement; b — velocity
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Fig. 12 Motion graph of roll angle and pitch angle of the vehicle platform:
a —roll angle; b — pitch angle

Through the research process, it was observed that the two methods — the multi-
body mechanics method and the dynamic simulation method — produce results that
exhibit a distinct geometric similarity between their respective plots. Since the links
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are rigidly connected to each other, the oscillatory motion of the links depends on the
sway angle of the vehicle body. Therefore, the specific results focus on the motion of
the vehicle body along the Ox axis and on the roll angle and pitch angle of the vehicle
body. Specifically:

* motion along the Ox axis: according to the problem solved using the multibody
mechanics method, the displacement at the considered time iS Xhmax = 0.028 m;
the simulation results give the displacement at the same time as
Xhmax = 0.021 m,

* roll (lateral oscillation): according to the problem solved using the multibody
mechanics method, the roll angle at the considered time is Whmax = 0.00008 rad;
the simulation results give the roll angle at the same time as
Yhmax = 0.00002 rad,

e pitch (longitudinal oscillation): according to the problem solved using the
multibody mechanics method, the pitch angle at the considered time is
Ohmax = 0.0031 rad; the simulation results give the pitch angle at the same time
as Ghmax = 0.006 rad.

It can be observed that the maximum values obtained from the simulation method
are relatively close to those from the multibody mechanics method. However, there is
a certain margin of error. The main reasons can be summarized as follows:

e The simulation model was built in its most simplified form as blocks of defined
shapes, whereas the gun consists of many components and working surfaces
that affect the motion during firing, primarily through resistance forces caused
by impacts.

* In the process of dynamic calculation of the simulation model, the interactions
between the components were considered with force coefficients (without as-
suming them to be perfectly rigid bodies).

4 Conclusion

Based on building a robot-weapon mechanism model, using the mechanical theory of
the multi-object system, a system of differential equations of motion of the PRV-1
machine gun automatic machine mounted on a combat robot was built through
a spring-loaded recoil reduction mechanism. By the numerical method in conjunction
with the internal launch equation system, the thermodynamic equation system of the
air chamber was employed to determine the displacements of the gun body, vehicle
body, and barrel lock platform during firing. The calculation results obtained from the
multi-body mechanical method were then validated and compared with those of the
corresponding model analyzed using the finite element method, simulated in Adams
software. The calculation results are relatively consistent with theoretical data, ensure
a certain reliability, and can be used as a basis for studying the dynamics of weapons
mounted on combat robots as well as when calculating the design, improvement, and
optimization of the system. The research results provide a basis for developing auto-
matic control systems for weaponized robots that can autonomously track and engage
targets. This enables enhanced safety and reduced casualties among soldiers on the
battlefield and during special missions.
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