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Abstract

Modelling projectile motion and its computations has been addressed in many contexts by researchers and scientists in many
disciplines in its broad applications and usefulness. It is an important branch of ballistics and involves equations that can be
used to work out a trajectory and focuses on the study of the motion bodies projected through external mediumi.e. air in space.
As system dynamics has been a well-formulated methodology for analyzing the components of a system including cause-
effect relationships, therefore the ballisticians interested to apply the system dynamics approach in the armament fields too. In
view of above, this paper discusses applications of system dynamics approach for modeling of projectile motion and its
simulation from mathematical, physical and computational aspects.

Keywords: Artillery, Projectile, Modelling, Trajectory, Simulation, System, and System Dynamics

I. INTRODUCTION

In our physical world, motion is ubiquitous and
controlled by the application of two principal ideas, force
and motion, called dynamics. Through the study of
dynamics, we are able to calculate and predict the
trajectory of a projectile. This is what science is all about -
studying the environment around us and predicting the
future.

Modelling is the name of the game in physics, and
Newton was the first system dynamicist. Modelling is the
process of identifying the principal physical dynamic
effects to be considered in analyzing a system, through
the differential and algebraic equations from the
conservation laws and property laws of the relevant
discipline [1].  Modelling projectile motion and its
simulation is nothing but as a computational tool to
calculate the flight path and its characteristics of various
projectiles and its families. There is a wide span of
trajectory modelling and computation differing widely with
respect to their performance and fidelity characteristics,
which used throughout the product life cycle of a weapon
system to improve the understanding of various aspects of
weapon system [2].

The study of projectile modeling and computation is
called ballistics. As an applied science, it has a wide
meaning and is one of the most exciting and complex
fields of science, comprising a wide scope of subjects,
ranging from the behaviors of projectile inside a gun barrel
(Internal Ballistics), the flight of projectile through the air
(External Ballistics) and the interaction between projectile
and targets (Terminal Ballistics), shown in Fig .1 Its
development is very much related to the evolution of
military technology and particularly in artillery projectile
system [3][4].

Fig .1 Various Ballistics Environments

The science of investigating projectile trajectory
modeling and computation is known as external ballistics
or the science of flight dynamics. It existed for centuries as
an art before its first beginnings as a science. It is an
important branch of ballistics and involves equations that
can be used to work out a trajectory and focuses on the
study of the motion bodies projected through external
mediumi.e. airinspace [5].

This paper discusses the feasibility of the
application of system dynamics approach in the artillery
projectile motion analysis under the test and evaluation
curriculum activities using a point-mass mathematical
model concept by assuming acted upon by gravity and
aerodynamic drag, acting in the opposite direction. The
model requires only a limited amount of data, namely, one
aerodynamic a parameter (C,) as a function of Mach
number, the projectile mass and diameter, and simple
launch parameters. The resulting equations of motion
have been numerically solved to yield the complete
trajectory elements of a projectile [6].

In view of above, first the paper explains concept
of system and system dynamics. In second the paper
discusses importance of system dynamics in artillery
projectile motions. Finally, a real time application of
system dynamics has been discussed.
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As a matter of policy on the grounds of
confidentiality, the model has been normalized and
validated with the typical projectile and other data
available in published form without loss of generality. One
of the authors experience in this area began with the
involvement of various trajectory modeling and simulation
studies.

IIl. PROJECTILE MOTION ENVIRONMENT

Projectile motion is a fundamental concept, which
can be found in introductory physics textbooks. Modelling
projectile motion focuses on the details of what a system
does. These capture the physical properties of materials,
aerodynamics, and simulation of specific systems. They
also include interactions between two physical objects or
between an object and its environment. A system
dynamics approach attempts to understand the physical
capabilities of the system at a level that is accurate
enough to be used to design the system [7].

Using the state-of-the-art measuring technologies
like high-speed camera and computational software,
scientists and researchers can investigate the influence
of air resistance on for instance the trajectory of a
projectile. The motion sequences are digitized and the x-
and y-positions of the projectile in every frame are
captured together with the actual time. Comparisons are
made with theoretical computations performed for
dynamic simulations.

In case of real time phenomenon in armament field,
projectile motion is the study of the firing, flight, and effect
of ammunition. A fundamental understanding of motion is
necessary to comprehend the factors that influence
accuracy how to account for them in the determination of
fiing experimental data. To ensure accurate predicted
fire, we must strive to account for and minimize those
factors that cause round-to-round variations, particularly,
muzzle velocity. Fig .2 shows an exterior ballistics
environment of a projectile system. Similarly, Fig .3
depicts the various motion concepts in space [6][7].
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Fig . 2 Projectile Motion in External Environment

Fig .3: Translation and Rotation Motions of a Projectile System

lll. CONCEPTS OF SYSTEM AND DYNAMICS

We live in a world of systems driven by cause and
affect, which include physical, biological, social and so on.
Man always searches for unfolding the truth of nature and
for capitalizing on natural endowments for his own
knowledge and use by following the principle of reduction,
analysis, and summation over for long period. Systems
can be modeled as nodes representing system variables
and connecting lines representing causal effects. The
changing value of one variable can cause another to
increase or decrease as described by equations.
Understanding how a system really works is the first step
towards using, improving, automating or explaining it to
others [8][9].

Learning the system dynamics approach requires
that researchers, scientists or modelers understand the
concept of a system and the terms of dynamics. The term
'system'is a very broad and general concept that relates to
various areas such as social systems, technological
systems, and natural systems. Therefore, this subject has
been studied from different angles and points of interests.
A system is an entity that maintains its existence and
functions as whole through the interaction of its parts[10].

A. Definition

The Greek origin of the word 'system' is systema,
which is derived from syn meaning together and histema
meaning 'to set'. Thus system literally means 'to set
together'. It is simple a collection of interacting elements
for which there are cause and effect relationships among
the variables. A well-understood definition of a systemis a
“set of elements joined together for a specific purpose.”
More elaborately, a system is defined as “a group of
interacting, interrelated, or interdependent elements
forming a complex whole to perform a certain objective.”
The term “system” is being used in different fields in a
variety of meanings [11][12].

B. General Characteristics of Systems

The general characteristics of systems can be stated
as[12][13][14]:
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(@) Systems consist of (definable) elements;

(b) Between these elements there exit (mostly
functional) interrelations;

(c) Every system has a boundary to the surrounding
“environment”, which is more or less permeable,
material orimmaterial.

(d) Systems often have a dynamic behavior over time.
This behavior is often related to the aim of the
system.

(e) System elements might be considered as whole
sub-systems or a system might be a single element
of a larger system. Thus whole hierarchies of
systems may emerge.

C. Classification
Systems generally can be classified as[15]:

(a) Static Systems have an outputresponse to aninput
that does not change with time.

(b) Dynamic Systems have aresponse to an input that
is not instantaneously proportional to the input or
disturbance and that may continue after the input is
held constant. Dynamic systems can respond to
input signals, disturbance signals, or initial
conditions. The Figure 4 shows a general concept of
adynamical system.

D. Categories

Systems can be usefully categorized into three
general classes as: (a) Lumped Systems, (b) Distributed
Systems, (c) Discrete Systems. These can be
differentiated based on their inputs and outputs, state
variables, their elements, and the mathematics useful for
theiranalysis [11][15].

IV. SYSTEM DYNAMICS

System Dynamics (SD), initially named Industrial
Dynamics, a computer-based simulation  modelling
methodologies, is defined as 'the study of the information-
feedback characteristics of industrial activity to show how
organizational structure, amplification (in policies), and
time delays (in decisions and actions) interact to influence
the success of the enterprise'[12][16].

System dynamics deal with:

@ the mathematical modeling of dynamic systems;
and

@ response analyses of such systems with a view
toward understanding the dynamic nature of each

system and improving the system's performance;

System dynamics is an academic discipline created
inthe 1960s by Forrester of the Massachusetts Institute of
Technology. It is fundamentally interdisciplinary and
grounded in the theory of nonlinear dynamics and
feedback control developed in mathematics, physics and
engineering.

Using system dynamics approach the researchers
and scientists produce simulation tools called as micro
worlds to make certain experiments by replacing for the
real world. That is why they are called as micro worlds.
The experiments in the micro worlds can be repeated
easily using varying parameters and alternative
scenarios, which allows the researchers to see how the
dynamics of the system works, by experiencing it in the
virtual world. The experiments are done with the help of
certain easy to use simulation software. STELLA is a
computer simulation program, which provides a
framework and an easy- to-understand graphical
interface for observing the quantitative interaction of
variables within a system. The graphical interface can be
used to describe and analyze very complex physical,
biological, and social systems [14].
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Fig .4 A Dynamical System
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The language of system dynamics is simple, which is
shown in Fig .5 Levels (also called stocks) contain
quantities describing the state of the system. If the model
(or system) were stopped, each of these would continue to
hold its quantity for observation. For example, the
kinematics model in motion system. In a typical system
dynamics diagram, these appear as labeled rectangles. If
the value of a particular state (stock/initial values) is of no
concern to the problem at any instant, then the state
(stock) is shown as a cloud to indicate that it's outside the
boundary of the model.

Rates (also called flows) are the inflows to and
outflows from the various levels. These appear as labeled
valves on pipes connecting levels. If the system were
stopped, rates also stop. For example, the velocity (x ory
direction) is a rate of change of displacement (x or y
direction). If the system were frozen in time, there would
be no flow of motion at all.

Connectors and converters (also called auxiliaries)
measure the quantities in levels and, through various
calculations, control the rates. These appear as lines with
arrows and as circles. Projectile motions are modeled by
these calculations. Let us build two simple models in the
kinematics by defining the rate of change of each variable.
Let us create two new stocks for the velocities in the x and
y directions. We know that the velocity in the x direction is
a constant, however, the velocity in the y direction varies
over time due to the acceleration due to gravity. The model
looks like as follows [10]:

A. System Dynamics in Projectile Motion

System dynamics is a general and user-friendly
approach to the modeling of dynamical systems,
irrespective of the field of applications. Although system
dynamics modelling has been practiced and appliedin lots
of fields outside areas— is hardly known in external
ballistics. Having inspired by successful policy changes in
lots of fields, the system dynamics researchers targeted to
apply the system dynamics approach in the ballistics fields
too. External Ballistics particularly in projectile motion is
suited to the methodologies and tools of system dynamics
and system thinking. There is a remarkable increase in the
interest and understanding level of the scientists and
researches using system dynamics approach. Itis a well-
formulated methodology for analyzing the components of
a projectile system including cause-effect relationships
and their underlying mathematics and logic, time delays,
and feedback loops. Elements of systems interact through
feedback loops as the buildings blocks of all dynamic
systems, which consist of accumulation, or level
variables, rate variables that change levels, and
information connecting levels to rates. Moreover the

researchers and scientists understand that there are
usually more than one cause and effect relationships
under the complex systems. In addition, researchers and
scientists see that the result of the combined interactions
of all the cause and effects relationship cannot be
analyzed by superficial studies [15][17].

B. Projectile as a Dynamical System

A projectile is defined as “an object, projected by an
applied exterior force or impulse and continuing in motion
by virtue of its own inertia over a very short period of time”.
A projectile with its weapon and ammunition form a
projectile system. It is term that emerges from many
disciplines and domains and has many interpretations,
implications and problems associated with it. Generally,
modern artillery projectiles have many features in
common, which include a fuze, ogive, bourrelet, and
rotating band shown in Figure 6. Similarly, Figure 7 shows
the concept of a dynamical projectile system.

Atrajectory is animagined trace of positions followed
by an object moving through space. A projectile system,
when subjected to propelled, fired, shot, launched, or
thrown through space by the exertions of a force by a
suitable means, behaves dynamically. This is a dynamic
system, because the level of the elements changes in
time. Mathematically the term trajectory refers to the
ordered set of states (as a function of the time), which are
assumed by a dynamical system over time. The trajectory
of a projectile depends upon many factors, such as the
components of initial velocity of the projectile, its weight,
shape, size, rate of spin, the density and temperature of
the air, the direction and velocity of the wind at various
altitudes, and the latitude of the gun and the azimuth of
fire. Most of these factors are capable of taking many
values. Mathematically a trajectory may be described
either by the geometry of the path (i.e. the set of all
positions taken by the object), or as the position of the
objectovertime
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Fig .6 Different sections of a projectile
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To describe a trajectory completely it is sufficient to
specify the x, y and z coordinates of the center of gravity of
the projectile at any time t after the release by the
projecting mechanism; in other words, a trajectory is
regarded as defined by: x =x(t); y = y(t); z= z(t); where x(t),
y(t) and z(t) are functions of the time t which are equal to
zerowhent=0.

The trajectory is determined by [4]:
(a) the position of the origin;
(b) the conditions of projections;
(c) the ballistic characteristics of the projectile;
(d)

d) the characteristics of the air through which it
passes;

C. Projectile Trajectory Modelling and Simulation

Trajectory simulation, in the present context, means
computing the flight path and other parameters, such as
range, deviation, orientation, and angular rates of a
projectile from the start to the end of its motion. Trajectory
simulation deals with mathematical models of the
behavior of projectile and its subsystems (if any) during its
test & evaluation and operations. The equations of motion
determine the acceleration, velocity and position (range &
deviation) of the projectile resulting from forces and
moments due to gravity, thrust and aerodynamics. The
guidance and control models account for subsystems
such as the control system in case of amissile system.

Particularly trajectory simulation requires a
customized approach. The level of sophistication of
simulations varies greatly depending on the applications
ranging from unsophisticated two-dimensional models to
very detailed six-seven degree of freedom models as per
shapes and sizes of projectile systems. The
requirements of a given trajectory simulation are derived
from the objectives of the intended users requirements
like, analysis, development, procurement and
operation[18][19].

D. Mathematical Modelling

On account of the complicated nature of the
resistance of the air, an accurate mathematical prediction

of the trajectory is difficult. Some of the difficulties arise
from the fact that the projectile is of finite size. To avoid
these, we regard the projectile as a particle. A
mathematical model with simplified point mass/simple
particle trajectory model is proposed to simulate a plane
projectile trajectory by considering following basic
assumptions [4][5][6]:

gy The earth is assumed to be flat i.e., the curvature
influence of the earthisignored;

The projectile is planer motion;

(=)

The wind speed is assumed to be zero;

(8

The drag index and mass of the projectile are all
constants during firing;

()

gy The drag force is proportional to the square of the
instant velocity;

gy The drag coefficient and density of air are assumed
to be constantduring firing;

gy Theforce of gravity isindependent of the altitude, i.e.
the gravity force is constant;

gy The forces, like centrifugal, coriolis, magnus forces
andits cross-effects are assumed to negligible;

By applying the systematic system dynamics steps [16],

the motion of a projectile of mass minfluenced by gravity g

and airar,e_s)icstance is described by

a, = i 5 - €0s0
t m
(1)
2 1 :
a, = d :) =——-(F,-sinO +m-g)
dt” m

— v, 1,
v=[vI+v] u=tan l[‘—'] F;;:E‘P“’ “A-C,

Where,

The above equations are solved subject to the following
state orinitial conditions:

dx dy :
u=—=v,c080,;v=——=y,sin0,

The drag force F, acting on the projectile depends on
air density p, velocity v, cross-section area A= mx7, radius
of the projectile r, and drag coefficient C,,. If the drag force
is neglected, the calculation of the projectile trajectory
becomes trivial. If however the drag force is taken into
account, the analytical solution is not soluble due to the
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drag dependency on the square of the velocity and
presence of angle as argument of trigonometric
functions. With the aid of computers it is possible to solve
the equations numerically, either by using a general-
purpose program such as Microsoft Excel or C/C++ or
dedicated programs for dynamic simulations, e.g.
MATLAB/SIMULINK or Powersim or STELLA to generate
the trajectory elements [20][21].

E. Simulation Modelling in Projectile Motion

In projectile modelling and simulation, the influence
parameters such as muzzle velocity, angle of inclination,
drag coefficient, atmospheric conditions and projectile
shape & size have been considered for estimation of
trajectory elements. The governing plane motion
equations of the mass center of the projectile are written
using Newton's Second Law of motion (F = ma) and then
the numerical integration is carried out using fourth order
Runge-Kutta (RK) method by assuming the initial values
of the speed v and the angles are known in Equation 2.
Finally, the knowledge of accelerations is used to
calculate changes in velocity components over a short-
time step and these in turn are used to calculate changes
in co-ordinates in the x &y directions using Equation 1 and
appropriate graphs are plotted. Results of these
simulation results are compared with measured values
through Doppler Radars and high-speed camera
instruments. The two components of motion are splitinto a
vertical (left) and a horizontal (right) part. Fig .8 shows the
simulation model used to simulate the motion of a
projectile. Fig .9, Fig .10 and Fig .11 show the how the drag
coefficient varies with speed and computed trajectories
together with a graph depicting the speed of the projectile
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V. CONCLUSION

System dynamics is a general approach for defining
and solving problems. This approach consists of two
parts: building the model and testing it. Both parts employ
mathematical equations. The relationships between the
elements are established through the mathematical
relations. The present study has been carried out to
simulate the trajectory elements of a projectile system
using point mass concept by considering drag force and
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projectile mass as main forces acting on the projectile.
The model has been simulated for different initial
velocities and angle of elevations which shown in the
graphs. System dynamics, a very big idea, is not quick and
easy to learn. It takes time, patience, good instruction and
follow-up support. The system dynamics technique
proved to be an efficient approach for the simulation of a
projectile system. Its merits include the increased speed
of model development, ease of model improvement, the
ability to simulate the interactions between the model
components. The efficiency of the developed method
gives satisfactory results compared with published data of
verified experiments and computational codes on system
dynamics model analysis of various trajectories of artillery
projectile systems.
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