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ABSTRACT

MODELING OF NON-LINEAR EFFECT IN REMOTE
CONTROLLED STABILIZED GUN SYSTEMS

Ahmet TATAR
Master of Science Degree, Department of Mechanical Engineering
Supervisor: Prof. Dr. Bora YILDIRIM

May 2018, 136 pages

The defense industry is the fastest growing sector with technological developments all over
the world. Autonomous and remote controlled weapons are regarded the most advanced
weapons in today’s battlefields. In this study, the effects of the flexible behavior of the
steering gears in the remote controlled weapons on the aiming precision was investigated.
System was modeled in ANSY'S software for observing material flexibilities at maximum
motion ranges. Analysis run for flexible and rigid material conditions and solutions were
compared. The vertical dynamics of the seven degrees of freedom four wheels and nine
degrees of freedom six wheels vehicles simulate in MATLAB software for creating a realize
environment. Turret system was integrated on the vehicles, and when vehicles pass on an
obstacle, turret stabilization is provided with PID controller. In final step of the study,
ANSYS turret model, and MATLAB vehicle model were connected. Turret system behavior
was observed on the realized vehicles with this ANSYS integrated MATLAB algorithm.
Disturbance on the turret caused by vehicle vibration was controlled with MATLAB
Artificial Neural Network Tool.
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OZET

UZAKTAN KOMUTALI STABILIZE SiLAH SISTEMLERINDE
LINEER OLMAYAN ETKIiLERIN MODELLENMESI

Ahmet TATAR
Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez damsmani: Prof. Dr. Bora YILDIRIM

Mayis 2018, 136 sayfa

Savunma sanayii teknolojik gelisimleriyle tim diinyada en hizli ilerleyen sektor
konumundadir. Bugiiniin savas alanlarinda, otonom ve uzaktan yonlendirilebilen silahlar en
gelismis silahlar olarak kabul gormektedir. Bu ¢alismada, uzaktan komuta edilen bir silah
sisteminde kullanilan yonlendirme dislilerinin esnek davraniglarinin nisan alma kararlilig
tizerindeki etkileri incelenecektir. Malzeme esnekligini inceleyebilmek icin taret sistemi
ANSYS yaziliminda modellenerek maksimum hareket agikliklarindaki rijit ve esnek durum
icin kiyas yapilacaktir. Ardindan sistemin gercek kosullar altindaki davranislarini
inceleyebilmek i¢in yedi serbestlik dereceli dort lastik tekerlekli ve dokuz serbestlik dereceli
alt1 lastik tekerlekli aracin diisey dinamik etkileri MATLAB yaziliminda benzetim
edilecektir. Taret sistemi araglar lizerine entegre edilerek, araclar belirlenen engeller
tizerinden gecerken PID kontrolcii ile stabilizasyon saglanacaktir. Caligmanin son adiminda
ANSYS yaziliminda modellenen taret ile MATLAB yaziliminda modellenen araglar,
MATLAB programi iizerinden haberlestirilerek benzetim yapilacaktir. Kurulan bu ANSYS
biitiinlesik MATLAB algoritmas1 ile sistemin gergek bir arag¢ {izerindeki davranislari
incelenecektir. Taret lizerinde olusan arag titresiminden kaynakli pozisyon bozulmalari
MATLAB’in yapay sinir aglar1 (Artificial Neural Network) ile kontrol edilerek, algoritmaya
yapay zeka eklenecektir.
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NOMENCLATURE

a : elevation angle of the weapon
O : azimuth angle of the weapon

® - roll angle

A : pitch angle

0z : displacement of turret on z-axis
T : kinetical energy

Xi . particle coordinate

X, : velocity on x direction

X, : acceleration on x direction

\/ : potential energy

F; : acting force on the particle

Pi : momentum

L : Lagrangian

Q : damping energy

AB,C,D, EF : body-suspension system contact points

C,C1, C2, Cs, C4,Cs, Cs, C7, Cs, Co, C10, C11, C12 - damping coefficients
Jo, Ju : moment of inertias

K,k1, ko, ks, Ka, ks, ke, k7, ks, ko, kio, k11, k12 - stiffness coefficients

K, K’, Lw, L, Ly, Lo, Ls, Ly, Ls, L, L7 - distances

m,my, Mz, M3, M4, Ms, Me, M7 : masses

X1.X2, X3, X4, X5. X6 X7, O, @ - vibration amplitudes

XA XB, XC, XD, XE, XF - position points

Xy1, Xy2, Xy3, Xya , Xy5, Xy6 . track amplitudes

A’ B,C,C,D,D’ . last positions of the muzzle end
XA, XA’ XB, XC, XC’ - last position of muzzle end at x-axis
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YA, YA’, YB,YC, YC’, YD, YD’ . last position of muzzle end at y-axis

ZA,ZA’ 7B, ZC, ZC’, ZD, 7D’ - last position of muzzle end at z-axis
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1 INTRODUCTION

1.1 Background

Modern threats have contributed defense industry. Today’s warfare technic based on fighting
with asymmetric elements. Countries lose their soldier especially city-wars against the
enemies. Isolating the human element from the battlefield as much as possible is the main

mission of the defense industry.

Nowadays, remotely controllable systems are widely using at battlefield areas. One of these
systems is the Remote Controlled Gun System. This system is best advantage controlled at
the protective area, inside the hull of the vehicles, ships, buildings. In this way, operator life

is taken safely.

Quality of this weapons measure with the precision of the target hit. Weapon directs with a
mechanism which name is a turret. Used material rigidities of the turret are very critical for
target hit precision. High flexibility of the materials causes to increasing bias between

weapon and target.

1.2 Motivation

Although these weapons usage increase every day, some analysis has been made on the real
prototype model. Stabilization is necessary for mobile platforms as a ground vehicle, ships,
and air vehicles. Some stabilization development processes of these systems carried out with
real prototypes like material flexibility, the backlash of the gear and bearings. Creating a
virtual model with analysis tool is benefit for cost and time of these applications. In the

literature, some analysis made for similar mechanism but not fully covered these systems.

1.3 Thesis Objectives and Scope of Research

The objective of this study is creating a virtual environment for stabilization processes.
Remote Controlled Gun Systems are widely used for the ground vehicle. Disturbances of the
ground vehicle are affected to aiming of the turret and turret try to stabilize itself against to

disturbances.

Another effect on the aiming, comes from the flexibility of the used materials. Steering of
the mechanism is providing with gear systems in a turret system. In this study flexibility
effects of the gears and vehicle vertical dynamics motions were investigated on target hit

precision.

4 different simulation was design for simulating to the system. Firstly, 4 wheel 7 DOF and
6 wheels 9 DOF vehicles were modeled for simulating vertical dynamics effects of the

1



vehicle in MATLAB SIMULINK. There are two obstacle on the track, one of right and the
other is left side. Vehicles are passed over these obstacles and motion characteristics was

observed.

Modeling Enviroment:
MATLAB

Modeling Enviroment:
MATLAB

Figure 2-1 7 DOF and 9 DOF vehicles MATLAB simulations
After simulation of the vehicles, Remote Controlled Gun System (Turret system) was
modeled at MATLAB SIMULINK with using SIMULINK physical blocks. Turret was
installed on the 7 DOF and 9 DOF vehicles. Vehicles were passed over obstacles, and
vibration profiles generated. The turret was affected by these vibration profiles and tried to

stabilize itself with PID controller.
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Figure 2-2 7 DOF and 9 DOF Vehicle Remote Controlled Gun System installed
MATLAB simulations

System has to be moved specific acceleration and velocities. Steering of the gears are
provided with gear systems. Flexibility of the gears is affected aiming precisions. For seeing
flexibility effects of the system, virtual physical model of the Remote Gun System was built
in ANSYS. System was analyzed under maximum motion conditions and results were
compared for flexible and rigid gear conditions. Gears fatigue life was analyzed according

to these conditions.



Figure 2-3 ANSYS model of the Remote Controlled Gun System Turret
At the final step, turret ANSYS model was connected with MATLAB vehicle vertical
vibration model. In this step, ANSYS and MATLAB were worked integrated. According to

the algorithm, MATLAB is run the vehicle models and generate the vibration profiles and

run the ANSYS with generated profiles and stabilization parameters. Stabilization

parameters were generated by Artificial Neural Network tool of MATLAB for this
simulation.
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Figure 2-4 MATLAB ANSYS integrated analysis

1.4 Organization and Content Thesis

Non-linear analysis of the remote controlled gun system in this study is explained in six
chapters. In the first chapter aim, scope and general information was given. Similar studies
in the literature were given at the second chapter. An analytical model of the turret system,
information about the vehicle dynamics, vibration equations of the vehicles, information
about Artificial Neural Network were given at the third chapter. Information about creating
simulation models of the vehicles and turret were given at the fourth chapter. Simulation
results were given at the fifth chapter. Finally, general information about outputs and future

works were given at the sixth chapter.



2 LITERATURE REVIEW

2.1 Remote Controlled Stabilized Gun System
Remote controlled gun systems are the modern element of the battlefield area. This weapon
development increase with the protection of soldier life and target hit precision necessity.

These systems can be integrated air, naval and ground platforms.

Figure 2-1 Application area of the remote controlled gun systems

These systems usually use on ground platforms. Attacking from ground targets include more
risk than naval and air because of the ground is the living area of the humanity. Main
advantageous of the system control area of the gunner is more protective than the system.
Gunner decision-making ability increases with this system; because gunner is not affected
from meteorological conditions, shielded position with armor in fire line, vision capabilities
are developed with electro-optic systems and target hit precision is more sensitive than
human capabilities. System can be mount fixed platforms, like army or police stations, or

mobile platforms.
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Figure 2-2 Remote controlled turret
ASELSAN INC. is one of the most successful company in this area. ASELSAN INC. has
various type products which named SARP, SARP-L, SARP-DUAL, STAMP, STOP,
MUHAFIZ, NEFER for wide application areas and requirements. [1]

Figure 2-3 ASELSAN remote controlled weapon systems [1]



2.2 Stabilization of Guns

A gun stabilizer is a device intended to facilitate aiming a gun by compensating for the
motion of the platform on which the gun is mounted. First stabilization necessity came up
for battle tanks. Development of the battle tanks based on at WWI. Primary tanks designs
are rude, noisy and difficult to operate. At this stage, battle tanks fired while standing and
this cause open target for the enemies. Designers worked for shorter firing time while
standing. [2]

After the WWII, battle tanks were equipped with gun stabilization capability using
gyroscopes for stabilization. This was a huge development for fighting machines because
vehicles had fire-on-move capabilities for this innovative idea. At first generation gun
stabilization, the gun is kept horizontal concerning earth and deviation from the target was
only translational independently of the target distance in the azimuth axis. These caused
angular and translational errors. [3]

Figure 2-4 Battle Tank [2]
The main purpose of the Weapon Control System on a Main Battle Tank is providing high

hitting precision for mobile and fixed targets. This process has to realize in the shortest time
and lowest iteration. At the designing stage of the tanks, designers are tried to place center
of gravity at the muzzle. Conflicting center of gravity of the tank and muzzle is provided
more precision stabilization. If the tank is not designed according to this, stabilization of the
muzzle will be markedly reduced. [4] Complete equilibrium can only provide for a fixed
muzzle on a horizontal surface. If the gun is effected externally on the muzzle elevation axis,
additional mass forces on the center of gravity of the muzzle elevation motion parts cause to
disturbances. These effects are valid for naval, ground and air gun systems and equilibrators
are not used for these systems. For this reason, guns are mounted center of gravity of the

muzzle. [5]



Equilibrators use only static system for balancing to unbalanced parts. In the dynamic case,
acceleration forces of move on the center of the gravity of the elevation mass. Conventional
equilibrator cannot balance the system and this cause to variable stabilization states. For
preventing to this effects, conventional equilibrators are not used dynamic stabilized

applications. [6]

First applications of the gun stabilization changed the rules of games in terms of the main
battle tanks on the battlefields. However stabilization performance of the tanks was not
enough for the single hit precisions. Tanks still have to fire a few iteration for hitting the
targets. [7] Before the stabilization of the muzzle, the battle tanks fired while standing
although they were mobile platforms. With muzzle stabilization, tanks become a main power
of the battlefields. The first generation stabilization system was used gyroscope for each
elevation and azimuth axis. The gyroscopes were detected the disturbances on the same axis.
Disturbances values were used for holding that axis fixed while tanks moving. Early
applications of the stabilization systems was using rate errors between the gyro feedback and

command signals. For this reason, stabilization system is need to an error for its operation.
[3]

Stabilization processes use for various kind of sectors. Such as movie or photography sectors
are using for camera systems too for taking quality images. In the automotive sector,
stabilization applies for security systems like ESC (electronic stability control) ABS (Anti-
lock Braking System).

2.3 Vehicle Vibrations

1990s are the unexpected times for automotive industry and market structure. There has been
large scale requests from the global scales like safer automobiles, saving environment and
intelligent driving and media systems. After this time, producers were used for their product
rising computer technology, simulation and artificial intelligent technologies. Automotive
industry were grown with working on vehicle dynamics. Primary research on the vehicle

dynamics are included operation and service conditions under external effects. [8]

Suspension system and its parameters of the vehicles depends on the producers and wide
range of models. Suspension system plays an important role on vehicle dynamics. Primary
duty of the suspension system is providing safer driving capability. Disturbances of the track
geometry cause oscillation motion on the tire of the vehicle and this motion conduct to axle.

Suspension system connect the axle to the chassis of the vehicle and regulate to the vibrations



and shocks during to the motions. Suspension system has to provide good driving capability
and comfortable riding at the uneven track geometry. A quality suspension system has to
prevent large scale oscillations under uneven track surface. If the large scale oscillation
indicate, the system has to be removed, as short as possible. The vehicle suspension has to

design based on a purpose like good driving capability, comfortable or safety riding. [9]

For investigating a vehicle vertically, the number of degree of freedom can be two, nine or
more. For example a vehicle can be modeled 2 DOF on the lateral and yaw axis, 3 DOF on
the longitudinal, lateral and yaw axis, and 4 DOF longitudinal, lateral, yaw, roll axis. 2 DOF

(quarter) vehicle model mostly use for while lateral acceleration is less than 0.3g. [8]

2 DOF (quarter) vehicle model uses for independent axle suspension systems. Rear or front
axle of the vehicle can be modeled with this model because each axle vibrate independently.
The quarter vehicle model is the simplest one dimensional model. This model is used for
designing active and semi-active suspension system. A vehicle can be analyze on three
dimensional axis with using lumped mass model. Model can be 7, 8 or more degree of
freedom. Heave, pitch and roll motions can be observed with lumped mass model. Cebon
built a three dimensional vehicle model with 14 DOF. This model include longitudinal and

lateral tire forces and non-linear suspension system. [10]
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3 THEORY

In this chapter; turret analytic models were explained with equations for fixed and mobile
platforms. This work scope on the observing motion characteristics of the turret while
installed a vertically modeled ground vehicle. Therefore; basic ground vehicle vibration
model were investigated. Turret was stabilized with using Artificial Neural Network at
ANSYS integrated MATLAB analysis. Theory and development of the Artificial Neural

Network were explained.

3.1 ANALYTICAL MODEL OF THE TURRET SYSTEM

Turret system has 2 Degree of Freedom. One of elevation axis for controlling the weapon
high (rotation around X’-axis), the other one is azimuth axis for controlling the direction of
the weapon (rotation on Z-axis). The weapon can be rotated along the elevation axis in the
limits of upper and lower stroke. However there is no limit on azimuth axis, the weapon can

be turned endless.

ELEVATION , |
CONTROL | | N h

'-Ijj;\ i

N
AZIMUTH
CONTROL

Figure 3-1 Motion characteristics of the turret system
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Turret system works for directing to weapon muzzle and electro-optic vision systems in the
right position.

Whole calculations were made for muzzle endpoint of the weapon. If we scan the weapon
muzzle endpoint (represented with A) motion in the space, we can observe trajectories which

Is given in Figure 3-2.

Z

X

—— T Upper elevation stroke

'\ .

A

Elevation motion trajectory

. . LN . Yy —— Lower elevation stroke

- Azimuth motion trajectory

Figure 3-2 Trajectories of the motion of weapon
Turret systems can be installed mobile and fixed platforms. The main difference between
fixed and mobile platforms is the stabilization necessity. There is no stabilization

requirement for the fixed platforms.
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3.1.1 Fixed Platform Model

X
z 4
! |
| , A
- |
! V4 — —%;.:l%st—’lﬂp Y
i . i
|
ELEVATION MOTION AZIMUTH MOTION

Figure 3-3 Motion of endpoint for fixed platforms
In the fixed platform conditions, equations can be written for the muzzle end as follows,

A : first position of the muzzle end
A . last position of the muzzle end
XA’ last position of muzzle end at x-axis

YA’ : last position of muzzle end at y-axis

ZA’  : last position of muzzle end at z-axis

a - elevation angle of the weapon

] : azimuth angle of the weapon

Lw : length of the muzzle from muzzle-end to rotation point of the elevation axis
K : high of the rotation point of the elevation axis at z-axis

We can define the position of A’ according to Cartesian coordinate system,

XA' =L, cos(a)sin(O) (3.1)
YA' = L, cos(a)cos(0O) (3.2)
ZA' =K + L, sin(06) (3.3)
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3.1.2 Mobile Platform Model
The turret is affected by the motions of mobile platforms. The system can be installed
ground, navy and air platforms. Dynamics of each platform are different. Navy and air

platforms are out of scope for this study.

Ground platform dynamics investigate under three main title; lateral, longitudinal and

vertical dynamic. In this scope, the system analyzes for only vertical dynamic conditions.

A ground vehicle makes three different movements in the vertical dynamics, roll, pitch and
heaves on the z-axis. Turret affects these three motions and stabilizes itself according to the
target position.

HEAVE
A(Top)

| v
v |
PITCH R(HOOI?)L

(Right)

Figure 3-4 Motion of the vehicle in the vertical dynamic
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3.1.2.1 Roll Motion Model
Vehicle rotates to around the y-axis at the roll motion. This part was investigated under two

states, stabilization is passive, and stabilization is active.

While stabilization is passive;

Figure 3-5 Roll motion effect and passive stabilization

A : muzzle end of the weapon
XA  :position of muzzle end at x-axis
YA  :position of muzzle end at y-axis

ZA  : position of muzzle end at z-axis

® - roll angle

L - distance of the target

Lw : length of the muzzle from muzzle-end to rotation point of the elevation axis
K - high of the rotation point of the elevation axis at z-axis

K’ : muzzle end of the weapon after stabilization

O : azimuth angle of the weapon

a : elevation angle of the weapon
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We can define the position of A according to Cartesian coordinate system,

XA = K'sin(w)sin(0)
YA = L,cos()
ZA = K'cos(w)cos(0)

K' = K + Lsin(a)

(3.4)

(3.5)

(3.6)

While stabilization is active, system compensates for rolling effect with a and © control

angle;

XB

YB

X
a
¢ L >
[ ey
—5 X TARGET
K K'
. Yy

Figure 3-6 Roll angle correction

: muzzle end of the weapon for roll angle
- position of muzzle end at x-axis

- position of muzzle end at y-axis
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ZB

K’

Lw

(o}

S}

- position of muzzle end at z-axis

- high of the rotation point of the elevation axis at z-axis
: muzzle end of the weapon after stabilization

: distance of the target

- length of the muzzle from muzzle-end to rotation point of the elevation axis

: elevation angle of the weapon

: azimuth angle of the weapon

We can define the position of B according to Cartesian coordinate system,

K'tan(w)]
=

© = arctan I

K'(1 — cos(w))
o

a = arctan [

K'tan(w) [
TH CosS

K'(1 - cos(w))]]
|

XB = L,,Sin larctan[ arctanl

K’tan(w)'l [
——|] cos

K'(1 — cos(w)) ]
L L l

YB = L,cos larctan l arctan l

ZB =

[K'(1 — cos(w))
[ ”] cos(w)

K + L, sin Iarctan

K' = K + L,,sin [arctan lK,(l —Eos(w))”
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3.1.2.2 Pitch Motion Model
Vehicle rotates to turret around the x-axis at the pitch angle motion.

While stabilization is passive;

Z

A

Figure 3-7 Pitch angle motion effect and passive stabilization

C : muzzle end of the weapon for pitch angle
XC  :position of muzzle end at x-axis
YC  :position of muzzle end at y-axis

ZC  :position of muzzle end at z-axis

K : high of the rotation point of the elevation axis at z-axis

L : distance of the target

Lw : length of the muzzle from muzzle-end to rotation point of the elevation axis
a - elevation angle of the weapon

] : azimuth angle of the weapon

A - Pitch angle

We can define the position of C according to Cartesian coordinate system,
YC = (L,, — Kcos(4A))cos(A) (3.13)

ZC = Kcos(4) + Ksin(A)tan(A) + (L,, — Kcos(A)sin(1) (3.14)
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While stabilization is active, system tries to compensate pitch effect only with a control

angle;

C’
XC
YC
V4 0¥

Lw

> N

(ot X TARGET

?'_Zﬁ'_llﬁﬂ'.llli'.ﬂﬁil.__'.'_—'_'_.-'.'__..#-—-"" al — — » Y

Figure 3-8 Pitch angle motion effect after stabilization

: muzzle end of the weapon for pitch angle after stabilization

: position of muzzle end at x-axis

: position of muzzle end at y-axis

: position of muzzle end at z-axis

: length of the muzzle from muzzle-end to rotation point of the elevation axis

: Pitch angle

We can define the position of C* according to Cartesian coordinate system,

YC' =L, — Ksin(}) (3.15)
ZC'" = Kcos(1) (3.16)
a=-1 (3.17)
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3.1.2.3 Heave Motion Model
Heave motion of the vehicle moves at the z-axis.

While stabilization is passive;

/

ry
< L >
|

N - x TARGET

Figure 3-9 Heave motion effect and passive stabilization

D : muzzle end of the weapon for heave motion
YD :position of muzzle end at y-axis

ZD  :position of muzzle end at z-axis

K : high of the rotation point of the elevation axis at z-axis

L : distance of the target

Lw : length of the muzzle from muzzle-end to rotation point of the elevation axis
a - elevation angle of the weapon

0z : displacement of turret on z-axis

We can define the position of D according to Cartesian coordinate system,

(3.18)

lK’(l — cos(w))l
@ = arctan 3

ZD = K + 6z — Lsin(a) (3.19)
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)
«a = arctan [TZ (3.20)

While stabilization is active, system tries to compensate heave effect only a control angle;

D'
— T e 10 _
X TARGET

Figure 3-10 Heave motion effect after stabilization

heave deflection on the turret corrects with elevation axis.
D’ : muzzle end of the weapon for heave motion after stabilization

ZD’  :position of muzzle end at z-axis

Lw : length of the muzzle from muzzle-end to rotation point of the elevation axis
a - elevation angle of the weapon

K - high of the rotation point of the elevation axis at z-axis

4 - displacement of the turret on the z-axis

We can define the position of D’ according to Cartesian coordinate system,
YD' = L,cos(a) (3.21)

ZD' =K + 6z — L,,sin(a) (3.22)
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3.1.2.4 Total Motion Control Equations
All vertical motions effect can be described on elevation and azimuth axis as following

equations;
K'(1- cos(a))) 8z
a = arctan + arctan ] -1 (3.23)
K'tan(w)]
O = arctan I (3.24)
K' =K+ L,,sin(a) (3.25)

3.2 Modeling the Vehicles

3.2.1 Basic Vehicle Dynamics

The vehicle can affect various kind of effect during to movement both environmental and
internally. The vehicle is exposed to many kinds of forces during the motion and can be

investigated at the vertical, lateral and longitudinal axis.

Motive force

Lateral force
Vertical force

Slide ¢

Vertical force

Figure 3-11 Acting forces of a vehicle [11]

3.2.1.1 Longitudinal dynamics of the vehicle
The system can be investigated under three main effects in longitudinal dynamics, inertia,

the slope of the road and aerodynamic.

Newton’s first law of motion states that “an object at rest stays at rest and an object in motion
stays in motion with same speed and the same direction unless acted upon by an unbalanced

force.” Simply, objects tend to keep on doing what they are doing. This resistance to changes
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calls inertia. Like every physical object, there is inertia of the vehicles also. Acceleration,
cornering, braking and other motions are affected by inertia.

The slope of the road is another lateral force effect. If vehicle move on a positive slope road
conditions, sinus function of the road slope and mass of the vehicle act the backward

direction of the vehicle and keeping the moving vehicle has to defeat this force.

Figure 3-12 Slope resistance [12]
Another longitudinal effect is aerodynamic. The shape of the vehicle is significant for
aerodynamic forces. Fluid on the car produces resistance force and torques. This winding
effect can be used for positively like “down-forces” act on the rear and front axle and

increase the dynamic driving conditions.

&G
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Figure 3-13 Pressure distribution on a vehicle [13]
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3.2.1.2 Lateral dynamics of the vehicle

Lateral forces acting on a vehicle, while vehicle turning, centrifugal forces act depends on
velocity, mass, of vehicle friction and radius of the road. Centrifugal forces changes to
rolling and pitch angle because of the stiffness of the suspension systems and tires this cause
to change pitch and yaw angles. Turning process is a complex state and controlled electronic
systems today's vehicles. Design of the suspension, steering, and powertrain systems are

very critical for lateral dynamic stabilizations.

Figure 3-14 Lateral forces on a vehicle [12]
Tire and road relation is also critical for lateral forces. The shape of tires can be changed
while vehicle cornering. Distortions of the tires change friction surface and stiffness of the

tire. Various non-linear effects can be observed during this motion.

Figure 3-15 Lateral forces on tire [11]
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3.2.1.3 Vertical dynamics of the vehicle
In this scope, turret motions were investigated under vertical dynamic conditions so that this

subject was discussed in full details.

Vertical dynamics of the vehicles focus on the comfortable and safe riding capability. The
aim of the researches arranging to the spring and damping constants and reducing the stresses
which act on the vehicle body. Comfortable driving is determined by driver. There are many
kind of searches of the human sense under the vehicle vibration effects. Body accelerations
on the car are sensed by driver. For comfortable driving vibration amplitudes has to between
specific values. Designers measure the vehicle vibrations and amplitudes and judged their
design objective criteria in practice. [12]. The main component of the vertical dynamics is

tire and suspension systems. Each components were investigated separate heading.

3.2.1.3.1 Tires

Motion begins with tires on the vehicle. Tires provide contact between vehicle and road. For
safety journey tires and road, relationships are significant. Tires conduct the motion,
breaking, acceleration and other lateral forces on the road. Also be effected vertical forces
because of the road topography, roughness lateral and longitudinal forces. Tires have to be
stable running ability, compatible with weather and different road conditions, good steering
capacity and ride comfort. There are many kinds of tire types nowadays, and radial tires are

the most comprehensive used.

7~ Rim Line

Bead Heel

L—

Bead Seat

Figure 3-16 Structure of the radial tire [11]
There is some kind of non-uniformities because of imbalanced mass, dimensional variations,

and stiffness variations. These non-uniformities effect on vertical dynamics of the vehicle.

25



Imbalances forces affect driving comfort and strength of the structural parts of the vehicle.

The imbalance force is given by the equation;

Fi = mrw,? (3.26)
Fi : imbalance force
m : imbalance mass
r : radius
Ot : wheel rotational velocity

A non-uniform and asymmetric mass distribution along the axis of rotation causes dynamic
imbalance. Dynamic imbalance creates a rotating torque on the wheel, appearing as
variations in overhunting moment and aligning torque at the wheel rotational frequency. The
dynamic imbalance is most important on steered wheels which may experience steering
vibrations as a result of the excitation. Static imbalance can exist in the absence of dynamic
imbalance. The tires, wheels, hubs and brake drums may all contribute to imbalance effects,
[13].

The tire can be modeled like a radial spring because of its elastic structure. This physical
approach provides us a mathematical model of tire. Tire changes its shape under load, and
this called loaded radial run out. Unloaded states call free radial run out. If vehicle
gravitational force divided by difference between loaded and free radial run out, stiffness

coefficient of the tire can be found.

Free radial runout

Loaded radial runout

Figure 3-17 Tire radial spring model [13]
The stiffness of tire depends on used materials in the tire and fluid inflation pressure. When

the inflation pressure increase, the tire will be getting stiffer.
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Pressure 1.3bar Pressure 1.7 bar
Load | Def. Stiftness Load | Def Stiffness
kg T N/mm kg mm N/mm
300 17.8 16533 300 15.7 187.45
400 | 246 15951 400 | 219 179.17
500 | 31.7 154.73 500 | 2844 | 172.46
60D | 38.5 152 88 600 | 34.4 171.10
700 | 444 15466 700 | 397 172.97
80D | 49 160.16 OO | 423 185.53
Pressure 2 bar Pressure 2 dbar
Load | Def. Stiffness Load | Def. Stitffness
kg mm N/mm kg mm N/mm
300 14.8 198.85 300 14 210.21
400 | 20.1 195.22 400 | 20 196.2
500 | 276 177.71 500 |26 18865
GO0 | 31.09 | 18932 600 | 305 192 98
700 | 36,04 | 190.53 700 | 34.9 196.76
00 | 40.05 | 19595 BOO | 38.3 204.90
Pressure 2. Thar
Load | Def. Stiftness
kg mm N/mm
300 12,72 | 231.36
400 18.34 | 21395
500 | 2402 | 20420
60D | 2884 | 204.09
700 | 337 203.76
00 | 37.1 211.53

Figure 3-18 Inflation pressure-deflection changes [14]
Under real conditions, tire stiffness changes each angle of the tire during to motion. The road
surface is not perfectly flat; it has macro and micro-roughness. These roughness cause
accelerations on the tire, so acting force in the stiffness equation always changes. The same
scene can be observed breaking phase of the vehicle. However, these conditions are ignored

because of simplifying the calculation.

Tire
X i) - v
—
| Contact |
Length
Vertical
Load
A Fron
| Force
( E Relalive
Slip

Figure 3-19 Breaking deformation of the contact surface [13]
Damping coefficient of the tires depends on same conditions of the stiffness. Inflation

pressure, load value and material of the tire effects damping.

Modeling the contact between road and tire is also another important problem. Road and tire

contact assumes as the point. This model mostly used for dynamic analysis of the vehicles.
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For evaluating this model Kyongsu used road surface which is being a six sinusoidal waves
and found to tire force. Finally calculated tire force was found close to the real case [12].
Other studies in the literature show that point contact is the realistic approach and there is no
significant difference between other approaches. Besides, the point contact model between

road and tire is used for only the vertical dynamic analysis.

Figure 3-20 Single-point contact between tire and road [8]

3.2.1.3.2 Suspension System
The first known suspension system was used at the cart of Tutankhamon the Pharaoh at 1350
BC. Thick leathers were cut in strips and integrated between wheel and chassis. In this way

travel on the cart was being gotten more comfortable.

The usage of metal springs has begun end of the 16th century. However, these springs were
used widely at the beginning of 18th century. The structure of this primitive spring system
is that metal sheets were cut constant width but different length. Each sheet was bent with a
specific radius and located shortest one is upper longest one is lower of the system. The
longest sheets were connected to the chassis of the vehicle. Thus, the vibration was being

reduced highly.

Constructing spring was being first usage area of the rubber. H.C. Lacy took a patent for
producing rubber spring for a vehicle at the Manchester City, England in 1826. Rubber
springs were being begun to seeing since 1845.

Helical springs were seen firstly in the middle of the 18th century. These springs are being
used various kinds of area. In 1950, French car producer Citroen developed hydraulic

suspension system. The system includes nitrogen gas being a vibration absorber.
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The primary properties of a suspension are in the kinematic motion behavior and its response
to forces and moments. Suspension system transmits these effects from tires to chassis.

Suspension system can be seen in a two main group, solid axle, and independent angle.

Wheels are mounted on a rigid beam in the solid axle. Any effect on a tire will be transmitted
the opposite. Solid axle is seen the rear of many cars any also commonly used for the front

of the heavy vehicles.

Figure 3-21 Solid axle [15]
Independent suspension allows for each vertical wheel movement independently. Wheels

are not affected by opposites. Today’s most of the cars and light vehicles use independent
suspensions because of the low volume requirement. Further advantages of the independent

suspension are higher roll stiffness according to vertical spring rate.
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Figure 3-22 Independent Suspension [15]

Main parts of suspension systems are spring and dampers. There are many types of damper
and springs. Different mechanisms were developed with time and technological

development according to necessities.

Vehicle stand on the springs and springs carry vehicle weight. Springs absorb the impact
forces cause of the road non-linearitys. They are the connections between tires and chassis.
Any instant vertical impact absorbs with a spring mechanism, thence conducting to shocks
are blocked. The various types of springs are air, leaf, coil springs, and torsion bars. Vehicle
types, system requirements, weights, performances are the parameters for spring selections.

Leaf and coil springs widely used today’s applications.

Coil spring Air spring

=D

Single-leafl (mono-) spring

S

Torsion bar spring Multileaf Spring

Figure 3-23 Types of springs
The leaf spring was designed by Obediah Elliot in 1804 and was used by horse and buggies.
Over time, a design developed and installed the automobiles. Leaf springs are still using at
heavyweight vehicles. Leaf quantities are increased for heavier loads. Single-leaf spring is
stable and low lateral movements.
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Coil springs can be called helical compression springs. These springs are producing for
today's vehicles and other mechanical mechanisms. The coil springs can store more than
twice the energy per unit volume than leaf springs. Vertical separation between chassis and

axle is higher than leaf spring in the helical spring applications.

OPEN ENDS CLOSED & GROUND
NOT GROUND ENDS
(LEFT-HAND COIL) (RIGHT—HAND COIL)
OPEN ENDS, GROUND CLOSED ENDS
NOT GROUND

Figure 3-24 Helical spring types
Dampers (absorbers) use for to damp of the spring motions. Springs and dampers work
together in a vehicle. Dampers absorb the shocks and reduce vibration, amplitude, and
oscillations of the spring motion. This provides come back to the desired position in the
spring. Springs continue to oscillation motion, after the stimulant effect until its natural
damping are stopped itself. Natural damping coefficient depends on the material of spring.
Damper provides for decreasing this oscillation and spring come to the desired position as
soon as possible. Thus, spring is prepared for next stimulants. There are various types of

absorbers which are hydraulic, gas and air pressure type.
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Figure 3-25 Hydraulic and gas pressure absorbers

3.2.2 Vibration Model of the Vehicles

The subject of vertical dynamics of the vehicle is concerned with the movement on the road
surface. The primary goal of the vertical dynamics is tuning the suspension and damping
constant for absorbing the shocks, safety, and comfortable riding characteristic. The most
used modeling method is lumped parameter modeling. According to this model, the vehicle
is comprised of mass, spring and damper elements. The lumped model can be a quarter car,
half car, and a full car. In this scope four-wheel (7DOF) and six-wheels (9DOF), full cars

are modeled.

Vibration model of the vehicles can be built with The Newton-Euler and Lagrange Methods.
In this scope, Lagrange Motion Equations were used. Main advantageous of the Lagrange

Equations in the mechanical vibrations is having a symmetric coefficient matrix.
The equation of motion of n DOF linear mechanical vibration system can be arranged
second-order differential equation.

[m]x + [c]x + [k]x = F (3.27)

In which x is a column array of describing a coordinate system, and F is an array of
describing applied force. The square matrices [m], [c], [K] is mass, damping and stiffness

matrices of the system.

Creating the mathematical vibration model, following assumptions were considered,
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e Spring and damping characteristics are linear,
e All wheels contact with track and Hook Law is valid,
e The effect points of the forces from track to wheels are mid-point of the contact

surface and vertical to contact surface.

3.2.2.1 Derivation of the Lagrange Motion Equation
According to conservation equations for a large number (n) of particles in a conservative
force field using Cartesian coordinates of positions x;. For this system total kinetic energy

as,

(3.28)

. 2
m;Xx;

N =

M
r=>
n=1

where M is the degree of the freedom of the system.
The momentum of a particle in a given direction can be obtained by differentiating this

expression concerning X; coordinate. This gives the momentum p;,

T _ (3.29)
axl - pl
where T is Kinetical energy

Time derivative of the momentum,

d (0T

4y (3:30)
dt \ox;) = N

The force on the particle is given by the derivative of the potential at the particle position in

the given direction,

_ B_V (3.31)
Lox;
where V is potential energy.
According to Newton Law,
dp; (3.32)
Fi=—
oodt
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Kinetic and potential energy of a conservative force field,

d (6T> v (3.33)
dt axi B axi
oT (3.34)
— =0
axl-
oV (3.35)
— =0
axi

According to this results rewriting the equation (3.33)

i(a(T - V)) B ar-v) 0 (3.36)
dt axi axi N
We can define,
L=T-V (3.37)
where L is the Lagrangian
Equation (3.36) arrange for final form
d (G(L) a(l) 0 (3.38)
dt\ox;) odx;
Damping coefficient can be added as,
d (6(L> a(L) N Q) 0 (3.39)
dt\ox;/ 9dx;  9x;

where Q is damping energy.
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3.2.3 7 DOF Vehicle Mathematical Vibration Equations

Figure 3-26 9 DOF vehicle vibration model

where,

A,B,C,D body-suspension system contact points,

C1, C2, C3, C4 damping coefficients of the suspension systems,
Cs, Cs, C7, Cg damping coefficients of the wheels,

Jo moment of inertia of the pitch axis,

Jo moment of inertia of the roll axis,

k1, ko, k3, ks stiffness of the suspension systems,

ks, ke, k7, kg stiffness of the wheels,

L1 distance on y-axis of the rear suspensions with respect to in center of the gravity of the
vehicle,

L. distance on y-axis of the front suspensions with respect to in center of the gravity of the
vehicle,

Ls distance on z-axis of the right suspensions with respect to in center of the gravity of the
vehicle,

35



L4 distance on z-axis of the left suspensions with respect to in center of the gravity of the

vehicle,

ms mass of the body of the vehicle,

m1,m2, m3 mMa mass of the axle and wheel,

Xs vibration amplitude of the body,

X1.X2, X3, Xa, Vibration amplitude of the wheels,

© vibration amplitude of the pitch angle,

a vibration amplitude of the roll angle,

XA, XB, Xc, Xp vertical movement of the body-suspension points,
Xy1, Xy2, Xy3, Xya track amplitudes

Assumptions for variables;

X1 <XA, X2<XB, X3<XC, X4<XD,

Xyl <X1, Xy2<X2, Xy3<X3, Xy4 <Xa,

Lagrange equation has applied the system. Kinetic energy of the system;

Vibration model of the vehicle for each wheel and suspension system can be shown follows,

- 1 . 1,1, 1,
ZE iXi =—m1x1 +Em2x2 +Em3X3 +Em4x4 +
n=1 (3.40)
1 1 .. 1
§m5x52 + 5]992 + E]aaz
Potential energy of the system;
M
1 1 1
Z S Xt = —k1(x1 —x4)% 4+ kz(xz —x5)* + 3 k3(x3 — x¢c)?
n=1
(3.41)

1 2, 1 2, 1 2
+§k4(x4 —xp)° + Eks(% = Xy1)" + Eks(xz — Xy7)

1 2, 1 2
+Ek7(x3 — Xy3)° + Eks(h — Xya)
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Damping energy of the system;

1
o (%Xy — Xp)? + s c3 (k3 — %¢)?

1 4
E = —C1(x1 —%4)° + = > >

||
ME

n:

1 ] L 1
+=cy(Xy —Xp)° + =

> > =Ce(Xp — J'Cyz)z

cs (X — Xy1)% + >

1 ) .. 1
+§c7(x3—xy3) +§

cg(Xy — xy4)2
Displacement equations,

X4 = X5 —OL; —al;

Xgp = X5 —OL; —al,

Xc = x5 + 0L, —alL;

xB = xs +9L2 +CZL4_

Energy equations are substituted into the Lagrange Equation and arranged,

myx) — c1(¥s — OLy — dLs — %;) + c5(; — Xy1) — Ky (x5 — OL; — als

—x1) + ks(x1 —xy1) =0

My, — Co(Xs — OLy + dLy — %;) + co(oty — %y2) — k(x5 — OLy

+ CZL4 - xZ) + k6(x2 - xyz) = 0

M3 — c3(Xs + OL, — dLy — %3) + c; (%3 — %y3) — ka(xs + OL,

—alz —x3) + ky(x3 —xy3) =0

MyxXy — C4(Xs + OLy + dLy — %) + cg(g — %) — ka(xs + OL,

+ CZL4 — x4) + kg(x4 - xy4) =0

m5x5 + Cl(.x.s - 9L1 - (ZL3 - x1) + Cz(x.s - 9L1 + Q’L4 - x2)

+C3(Jf5 + eLZ - aL3 - X3) + C4(355 + eLZ + aL4 - x4)
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(3.48)
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+ki(xs —OL; — aLls — xq) + ko(x5 — OL; + aly, — x3)
+k3(x5 + eLZ - aL3 - X3) + k4_(X5 + eLz + aL4, — Xy = 0
_]eé - C]_L]_(.X:S - eLl - aL3 - xl) + Cle(X:S - eLl + OlL4 - xz)

+c3Lly(Xs + OLy — dLg — %3) + c4Ly (X5 + OLy + &Ly — X4)

(3.52)
_lel(xS - 9L1 - aL3 - xl) - kle(XS - 9L1 + aL4_ - xz)
+k3L, (x5 + OLy —als — x3) + kgL (x5 +OLy + aLly, —x, =0
Jo@ — c1L3(¥s — OLy — dLg — %y ) + c;Ly (X5 — OLy + dL, — %,)
—c3L3(Xs + OLy — dLg — %3) + c4Ly(xs + OL, + ctLy — %)
(3.53)
_k1L3 (x5 - 9L1 - aL3 ~i xl) + kzL4(X5 — 9L1 + C(L4 F xZ)
_k3L3(X5 + 9L2 2 CZL3 - X3) + k4L5(x5 + eLZ + aL4_ - x4_ = 0
3.2.4 9 DOF Vehicle Mathematical Vibration Equations [16]
[4
1
[ Y

Figure 3-27 9 DOF vehicle vibration model

where,
A,B,C,D,E,F body-suspension system contact points,
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C1, C2, C3, C7, Cs, Co damping coefficients of the suspension systems,

C4, Cs, Cs, C10, C11, C12 damping coefficients of the wheels,

Jo moment of inertia of the pitch axis,

Jo moment of inertia of the roll axis,

k1, ko, k3, k7, ks, Ko stiffness of the suspension systems,

Ka, ks, Ks, K10, K11, K12 stiffness of the wheels,

L1 distance on y-axis of the rear suspensions with respect to in front of the vehicle,
L. distance on y-axis of the middle of the body with respect to in front of the vehicle,
Ls distance on y-axis of the center of mass with respect to in front of the vehicle,

L4 distance on y-axis of the center suspensions with respect to in front of the vehicle,
Ls distance on y-axis of the front suspensions with respect to in front of the vehicle,
Ls distance on x-axis of center of mass with respect to left suspensions,

L7 distance on x-axis of center of mass with respect to right suspensions,

m1 mass of the body of the vehicle,

M2, M3, M4, Ms_Ms, M7 mass of the axle and wheel,

X1 vibration amplitude of the body,

X2, X3, Xa, X5, Xe, X7 Vibration amplitude of the wheels,

© vibration amplitude of the pitch angle,

a vibration amplitude of the roll angle,

XA, XB, Xc, XD, Xg, Xr Vertical movement of the body-suspension points,

Xy1, Xy2, Xy3, Xya, Xy5, Xye track amplitudes

Assumptions for variables;

X2 <XA, X3<XB, Xa<XC, X5 <XD, X6<XE, X7<XF,

XF <Xc, XESXB, XD<XA,

Xy1 <X2, Xy2<X3, Xy3<X4, Xy4 <X5, Xy5<X6, Xy6<X7,

Lagrange equation has applied the system. Kinetic energy of the system;
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M

1 B T, 1 , 1
ZE =—m1x1 +_m2x2 +_m3x3 +_m4x4_ +
n=1

2 2 2
1 1 1 1 5 1
§m5x5 +2m6x6 +2m7x7 + ]96 + ]a

Potential energy of the system;

< 1 , 1 2 1 2
V:zikixi =§k1(x2_xA) +§k2(x3—x3)

n=1

1 2 1 2, 1 2 1 2
+§k3(x4—xc) +Ek7(x5_xD) +§k8(x6—x5) +§k9(x7—xp)

1 2, 1 2, 1 2
+§k4(x2 — Xy1)° + Eks(xs —Xy2)" + Eké(xél — Xy3)

1 2, 1 2, 1 2
+5kio(Xs — xy4)" + Eks(xe — Xys5)° + 5 ke(X7 — Xy6)

2 2

Damping energy of the system;

M
1 1 1

ZE iXi =_C1(x2_xA) +2c2(x3—x3) +2C3(x4_xC)

n:

1 . _. 2 l . _- 2 _ . _- 2
+ =7 (%s — Xp)* + s cg(Xg — Xp)° + 5Co(X7 — Xp)° +

2 2 2 2

1 ) S |
+-c5(k3 — X))  + 5

> > 5C10(%s — J'53/4)2

Co(Hg — Xy3)* + >

=C12(X7 — xyé)z

1 . . .2
+=C11(X6 — Xy5)” + >

2

Displacement equations;
X4 =x1+06(Ly — L3) + alg
Xg =x; —O(Ls — L) + alg

xC == xl - e(L3 - LS) + aL6

Xp =x1+06(L; —L3) —alL
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Xg = X1 — e(L3 - L4_) - CZL7

xF = xl - e(L3 - Ls) - aL7

Energy equations are substituted into the Lagrange Equation,

my¥, + x,(c; + ¢y +c3+ 7+ cg+ Cg) — Xp€) — X3C; — X4C3 — X5Cy

—XgCg — X7Co + O(cy (L — L) — c3(Ls — Ly) — ¢c3(Lz — Ls)

+c7(Ly — L3) — cg(L3 — Ly) — co(Lz — Ls))+ @(c1Lg + caLg + c3Lg

—C7L; — cgly — cgl;) + x1(ky + ky + k3 + ks + kg + ko)
—Xoky — x3ky — x4k3 — x5k7 — X6kg — x7kg+O(k1(L; — L3)
—ka(Lz — Ly) — ks(Lz — Ls) + k7(Ly — L3) — kg(Ls — L)
—ko(Ly — Lg))+a(k,Lg + kyLg + k3L — kL,

—kgl; — kolL;) =0

My¥, — X101 + %5(cq + ¢4) — Oy (Ly — L3) — dciLe — 1Ky

+x2(k1 + k4) +9k1 (Ll —a L3) —(1le6 - xy1C4 - xy1k4_:O

m3563 - J'C1C2 + 5(3(6'2 + C5) + éCZ(L:; - L4) - dCzLG - x1k2

+X3(k2 + ks) +6k2 (L3 - L4) _akzLG - xy2C5 - xyzkszo

MyXy — X1C3 + X4(c5 + o) + 963(L3 — Lg) — acslg — x1k,

+X4(k3 + k6) +9k3 (L3 - Ls) _(lk3L6 - J'Cy3C6 - xy3k6:0

msjés - J'C1C7 + 5(5((:7 + Clo) - 667(L1 - L3) + dC7L7 - X1k7

+x5(k; + kq19) — ©Ok;(Ly — L3) +ok;L; — Xy4C10 - xy4k10:0

m65(:'6 - 5(16‘8 + )Z6(C8 + Cll) + eCS(L3 - L4) + d68L7 - x1k8

+x6(k8 + kll) +8k8(L3 - L4) +0Lk8L7 - )'CySCll - xy5k11:0

m7jé7 - X'ng + 5(7(6‘9 + 612) + GCQ(L3 - LS) + dC9L7 - xlkg
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+x7(k9 + klZ) +9k9(L3 - L5) +(lk9L7 - Q'Cy6C12 - xy6k12:0

JO + %1(c;(Ly — Lg) — ¢a(Lg — Ly) — c3(Ls — Ls) + c;(Ly — L3)
—cg(Lz — Ly) — co(Lz — Ls)) — %261 (Ly — L3) + %3¢5(L3 — Ly)
+x4¢3(Lg — Lg) — X5c7(Ly — L3) + Xgcg(Ls — Ly) + X7¢9(L3 — Lg)
+0(c1(Ly — L3)? + c2(Ls — Ly)? + c3(Ls — Ls)? + ¢;(Ly — L3)?
cg(Lz — L4)? + co(Lz — Ls)?) + d(c1Le(Ly — L3) — coLg(Lz — Ly)
—c3Lg(Ls — Ls) — ¢c;L,(Ly — L3) + cgL;(Ls — Ly) + cgL, (L3 — L)) (3.70)

x1(ky(Ly — Lg) — ka(Lz — Ly) — ks(Lz — Ls) + k7 (Ly — L3)
—kg(Ls — Ly) — ko(Lz — Ls)) — x2k1(Ly — L3) + x3ky (L3 — Ly)
+x4k3(Ls — Ls) — x5k7(Ly — L3) + xgkg(Ls — Ly) + x7ko(Ls — Ls)
+0(ky(Ly — L3)? + kp(Ly — Ly)? + k3(Lz — Ls)? + k7 (Ly — L3)?
+kg(Lz — Ly)® + ko(Lz — Ls)?) + a(keyLg(Ly — L3) — kaLe(Lz — Ly)

—k3Lg(Ly — Ls) — kyL;(Ly — L3) + kgL;(L3 — Ly)koL,(L3 — Ls)) = 0

]a + Xl(C1L6 + C2L6 + C3L6 - C7L7 - C8L7 - C9L7) - X‘ZCILG

_.’)E:3C2L6 - J'C4,C3L6 + J'CSC7L7 + X668L7+5C769L7 + G(ClLG(Ll - LS)
—CyLe(Ls — Ly) — c3L(Lz — Ls) — ¢7L7(Ly — L3) + cgly (L — Ly)
. 2 2 2 2 2 2

+cgl;(L3 — Ly)) + a(c1Le” + c3Lg” + c3Lg" + c7L;” + cgLls;” + c9Ls")
+x1(k1L6 + k2L6 + k3L6 - k7L7 - k8L7 - k9L7) - x2k1L6 - X3k2L6
(3.71)
_X4k3L6 + x5k7L7 + x6k8L7 + x7k9L7 + e(k1L6(L1 - L3)

—kyLe(Ls — L3) — k3Le(Ls — Ls) — k7L;(Ly — L3) + kgL, (L3 — L4)

koLy(Ls — Lg)) + a(kyLe® + kyLe® + ksLe® + kyL,” + kgLy* + koL,?)

=0
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3.3 Neural Networks

Neural networks are algorithms modeled similar to the brain and be identified to machine
learning. Communication units of the human brains are neuron. Each neuron occurs nucleus,
dendrite, cell body, axon, and synapses. Dendrite receives the signals from other neurons.
Cell body gets the incoming signals and generates output signals. Axon distributes the
generated signal to the other neurons and synapses are the connection points with other

axons. Cell body decides to generate a signal by reaching the threshold value.

dendrites

synapses
nucleus

cell body

Figure 3-28 Structure of the neuron [17]
Neural networks look like human brains. Their structures, connection lines are similar to
neurons. In neural networks, dendrites are the weight inputs based on their interconnection
in the artificial neural network. Cell body comprises of summation and threshold, so it

decides to send output. Axon carries outputs to the other networks.

. Dendrites
- —p

T Axon

+ Summation

Figure 3-29 Artificial Neural Network-Neuron Similarities [17]

Cell Body

Threshold
v
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" w, w, w, w, - Weights of Connection

b X, X, X, X~ Inputs = b-Bias

Figure 3-30 Structure of the Artificial Neural Network [17]
Neural network data mostly moves only one-direction (feedforward). An individual node
can be connected several nodes in the layer. Some nodes receive data, and some nodes take
data. Node assigns a known number, which can be called weight, for each input connections.
If the connection path active, nodes can take data. Each input multiplies with the weight of
the connection than reach the neuron. If multiplied data is over the threshold, neuron sends

to outputs.

Values of the weight and threshold assign randomly at the training stage. Training data use
for input layer and pass into other layers, at this stage data multiplied and added. This

iteration continue until data transform at the output layer.

Neural Metwork

——pw| including connections
callad waights)

Input bween neurons

Adjust
waghis

Figure 3-31 Algorithm of the Neural Network [18]
There are several of type transfer functions in the Neural Network. However linear and Log-

Sigmoid transfer functions are mostly used.

44



a = purclinfn)

Figure 3-32 Linear transfer function [18]
Sigmoid transfer function inputs can be plus and minus infinity. Outputs will be zero to one

range.

a = [agsigin)

Figure 3-33 Log-Sigmoid transfer function [18]
Transfer functions used in the hidden layers of the multilayer network because of they are

differentiable.

Neuron input can be vectors. All input element will be multiplied by weights and weighted

values fed to summing function.

Input Meuwron w Vector Input

f N A
Where
" a R = number of
> b elements in
' input vector
[
L J
a=fH{Wp+b)

Figure 3-34 Vector input in Neural Network [18]
Networks can be one and multiple layers. In one layer network, each input connected to the

whole neurons.
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Inputs  Layer of Meurons

Where

R = number of
elements in
input vector

5 = number of
neurons in layer

a=fWp+h)

Figure 3-35 One layer neurons [18]
The network can be several layers. Each input connected with first layer neurons. Each layer
has their weight, bias and output value. Multiple layer networks are quite robust.

Inputs Layer 1 Layer 2 Layer 3

2 =W p+b) & = LW a'+b) = LW a+b)
2 =T ILW LW T (IW prb ) s )+ b))

Figure 3-36 Multiple layer neurons [18]
Today, artificial intelligent uses many type application from industrial, defense and financial
sector to the game sector. It can be seen following figure, a sectoral table prepared by
MATLAB developer.
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Industry Business Applications

Defense ‘Weapon steering, target tracking, object discrimination,
facial recognition, new kinds of sensors, sonar, radar and
image signal processing including data compression, feature
extraction and nolse suppression, and signaliimage
identification

Electronics Code sequence prediction, integrated circuit chip layout,
process contral, chip failure analysis, machine vision, voice
synthesis, and nonlinear modeling

Entertainment Animation, special effects, and market forecasting

Financial Real estate appraisal, loan advising, mortgage screening,
corporate bond rating, credit-line use analysis, credit card
activity tracking, portfolio trading program, corporate
financial analysis, and currency price prediction

Industrial Prediction of industrial processes, such as the output gases of
furnaces, replacing complex and costly equipment used for
this purpose in the past

Insurance Policy application evaluation and product optimization

Manufacturing Manufacturing process control, product design and analysis,

process and machine diagnosis, real-time particle
identification, visual quality inspection systems, beer testing,
welding quality analysis, paper quality prediction, computer-
chip quality analysis, analysis of grinding operations,
chemical product design analysis, machine maintenance
analysis, project bidding, planning and management, and
dynamic modeling of chemical process system

Medical Breast cancer cell analysis, EEG and ECG analysis,
prosthesis design, optimization of transplant times, hospital
expense reduction, hospital quality improvement, and
emergency-room test advisement

(il and gas Exploration

Robotics Trajectory contral, forklift robot, manipulator eontrollers, and
vision systems

Securities Market analysis, automatic bond rating, and stock trading
advisory systems

Speech Speech recognition, speech compression, vowel classification,

and text-to-speech synthesis

Telecommunications Image and data compression, automated information
services, real-time translation of spoken language, and
customer payment processing systems

Transportation Truck brake diagnosis systems, vehicle scheduling, and
routing systems

Figure 3-37 Application area of the Artificial Neural Network [18]
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4 METHODOLOGY

4.1 Analysis and Simulation Types
4.1.1 ANSYS Analysis of Turret
Turret system has to perform its ability under hard conditions. External and internal

acceleration were forced to system limitations.

Turret was included many sub-systems. Flexibility of the sub-systems are affected the
accuracy of aiming. System was steered with gear systems on the elevation and azimuth
axes. Flexibility of the gear systems is especially important because of conducting motions.
For example, the 1° error of the aiming on the gears causing ~1.75m bias from a hundred

meters away from the target point.

For seeing flexibility effects of the elevation and azimuth gears, system was analyzed in

ANSYS for flexible and rigid gear conditions and results were compered.

Z

a : flexibility error

_ l—,l — - T_a‘,:get
e — - — - —- I
I b ?blas
///
ey
IH Target distance R

Figure 4-1 Flexibility error of elevation axis
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o : flexibility error

= LA AV
Target

\. Iafg et distance

Figure 4-2 Flexibility error of azimuth axis
Dynamic parameters of the system were given in Table 4-1. Analysis were run for while
turret reach to maximum velocities with maximum acceleration. Muzzle positions were

obtained for flexible and rigid cases and compared each other.

Table 4-1 Dynamic Parameters of the Turret

Azimuth Axis Elevation Axis
Movement Limitations -30°/ +60° nx360°
Maximum velocity >60°/s >60°/s
Maximum accelerations >90°/s2 >90°/s?

Analysis scenarios were built according to dynamic conditions and identified as follows;

e Maximum elevation velocity while elevation gear is flexible,
e Maximum elevation velocity while elevation gear is rigid,

e Maximum azimuth velocity while azimuth gear is flexible,

e Maximum azimuth velocity azimuth gear is rigid,

e Elevation and azimuth gears fatigue life analysis,
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4.1.2 MATLAB Analysis of Vehicle and Turret
The scope of this analysis is creating a vehicle vibration model, turret model in SIMULINK
and observing the turret motions. The second step of this analysis, the turret was controlled

against to disturbances with PID controller.

First, vehicles were stimulated for non-uniform track and results are observed. At the second
step, the turret was modeled with muzzle, azimuth and elevation gears according to real
positions and muzzle motions were observed. At the final step, PID controller is developed

for the turret and performed under the effect of vehicle vibrations.

In this scope, following simulations were run,

7 DOF Vehicle vibration simulation under 15km/h, 30km/h and 50km/h velocities
e 9 DOF Vehicle vibration simulation under 15km/h, 30km/h and 50km/h velocities
e Turret integrated 7 DOF vehicle PID controlled simulation under 15km/h, 30km/h
and 50km/h velocities

e Turret integrated 9 DOF vehicle PID controlled simulation under 15km/h, 30km/h
and 50km/h velocities
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4.1.3 MATLAB ANSYS Integrated Analysis

This simulation was run for to observe turret motions under real conditions at virtual world.
Physical model of the turret can be created, close to the real, in ANSY'S and physical model
of the vehicle vertical dynamics can be created, close to the real, in MATLAB. The scenario
of this simulation is that turret mounted a ground vehicle, ground vehicle impact with non-

uniform track conditions and turret try to stabilize itself. Real simulation conditions can be

created running and connecting these two programs together.

Figure 4-3 Modelling environment of systems

MATLAB is the quite powerful modelling program. It can be programmed to running other
programs at batch mode and also ANSYS APDL. Simulation algorithm is that, firstly vehicle
stimulate with non-uniform track conditions and heave, roll and pitch motions were taken.
Peaks of the heave, roll and pitch graphs were detected. Turret responses against the vehicle
vibrations were tough to program with Artificial Neural Network for 10m beyond target.
Therefore, MATLAB artificial neural networks create stabilization parameter against to
detecting disturbances. MATLAB open the APDL input file for writing heave, roll and pitch
disturbance and stabilization parameters with time. ANSYS is run according to inputs by
MATLAB.
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RUNNING 7DOF AND 9DOF
VEHICLE MODEL IN SIMULINK

L

STORING HEAVE, ROLL, PITCH
MOTIONS

N

PEAK POINTS OF THE HEAVE,
ROLL, PITCH MOTIONS

N

CALCULATION ITERATION
QUANTITIES

SETTING ANSYS ANALYZE PA-
RAMETERS

&

WRITING ANSYS INPUTFILE  FOR LOOP

&

RUNNING ANSYS

&

STORING OUTPUTS — |

MATLAB Simulink

&

MATLAB
- MATLAB Artificial Neural Network PLOTTING SOLUTIONS

ANSYS

Figure 4-4 Simulation Algorithm
MATLAB are prepared the ANSYS input file which includes whole information for analysis
like mechanical parts, geometrical information, material properties, loads, analysis settings.
File format of the input file is text file and included FORTRAN programming language

commands. This file can easily be manipulated via MATLAB.
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|fbatch

Jeonfig,noeldb,1 ! force off writing results to database

*get,_wallstrt,active,,time,wal

ITANSYS input +ile written by workbench version 14.0 Release

! File used for geometry attach: C:\Users\AHMET TATAR\AppData‘lLocalTemp\WB_AHMETTATAR_184_2"unsaved_project_files\dp0\sy5-1'DM"\5Y5-1.agdb
/title,unsaved. pru]ect——Trans‘\ent (BS)

*DIM, wb _Projectscratch_dir,string, 2

_wib, Prngectscratch dir{1) = ‘'c: \users\AHMET TATAR\AppData‘\Local\Temp\WB_AHMETTATAR_184_2\unsaved_project_files\dp0\sy5-1\MECH\ "
“0IM, _wb_solverriles_dir,string,248

_wib_: soneerTes dir(l) = "C: \Users\AHMET TATAR\AppData\Local\Temp\WE_AHMETTATAR_184_2\unsaved_project_files\dp0\sys-1\MECH\"
*DIM, wh_userfiles dir,string,248

_wib_ userf11es dir(1) = 'c: \users\AHMET TATAR\AppData‘\Local\Temp\WB_AHMETTATAR_184_2\unsaved_project_files\user_files\’

com,--- Data in consistent NMM units.

Junits ,MPA

/nopr

Jwb,file,start ! signify a wB generated input file
/prep.

! Turn off shape checking because checks already performed inside we mesher.
! see help system for more information.

SHPP,OFF , , NOWARN

/n071s

etcon,set ! allow ANSYS to choose best KEYOP's for 180x elements

ock,
(118 3&20 9e3)
1 -2.024281770E-002 1.475285303E+000 1. 500000000E+001
2 0. 000000000E+000 -4.249154173e-015 1. 500000000E+001
3 0. 000000000E+000 -4.249154173e-015 1. 500000000E+001
4 -2.024252087e-002 1.475285413e+000 3.000000000E+001

/wb,elem,start ! ser befure creat
/cum, wxkeserser Elements for Body 1 "solid"

n of e1ements

keyu,l,z,l ! Moments of inertia in nodal coordinates

keyu,L ! 3D Mass with Rotary Intertia

r,1,7 6881"""9"24411e 004,7.68817779724411e-004,7.68817779724411e-004,0. 364853292089838,0. 323564099705316,0. 573587625682416
local,11,0,-2. 024281""0444339 002,1. 4"5285303328" 14.9999993993985,0. "88835508504098 -5.32516476765898e~ 010 5.09171729504085e-010
nrut,L

csys,0

mat,1

real,l

1
/wb e1em end ! done creating elements
* send user pDefined (mrdmate System(s) e e e e
4.24915417323598e-015,15. .

1nca1 12,0,0

¥fst 273.15, ! Temperature offset from absolute zero

Figure 4-5 ANSYS APDL command file

Disturbance values were generated with MATLAB SIMULINK vehicle model and
stabilization parameters were produced by Artificial Neural Network. Disturbances and
stabilization parameters have to put in the input file for each iteration. The relevant part of
the variables are found by MATLAB and changed for each loop. Figure 4-6 shows motion
and time inputs for ANSYS analysis.

AL, £

real,2

type,2

e:?ﬂ 1.4

F T, Construct Remote Displacement Using RBE3/CERIG Contact swwweswwess

“DIM,_loadvari47uy,TABLE,1,1,1,TIME,
! Time values

_loadvarid47uy(1,0,1) = 1.

! Load values

| Toadvarid7uy(1,1,1) = 0.

“DIM, loadvari47uz, TABLE,1,1,1,TIME,
! Time values

|_loadvari47uz(l,0,1) = 1.

! Load values

| Tloadvarid47uz(l,1,1) = 0.

“DIM,_loadvarid7rotx,TABLE,1,1,1,TIME,
' Time values

_loadvari4?rotx(1,0,1) = 1.

! Load values

| loadvarid4?rotx(l,1,1) = O

"DIM, loadvarid7roty, TABLE,1,1,1,TIME,
! Time values

| Toadvari47roty(1,0,1) = 1.

! Load values

_loadvari4?roty(1,1,1) = 0.

*DIM,_loadvarid7rotz,TABLE,3,1,1,TIME,
! Time values
_loadvarid?rntzﬁl.ﬂ,lg = Q.
| loadvarid7rotz(2,0,1 1.
|_loadvari4?rotz(3,0,1) = 2
! Load values
|_loadvari47rotz(1,1,1) = 0.
[ loadvari4irotz(2,1,1) = 0.174532925199433
| loadvarid7rotz(3,1,1) = 0.349065850398866

Jocom,*** created for use in Spectrum analysis ==»
Crﬂs_l.%K . REMOTEDISPALL , NODE, 1
i1

Figure 4-6 Motion inputs for ANSYS input file
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It is also possible to put commands in the input file which information will be output for the

results. Figure 4-7 are shown to command for producing to the output file.

/POSTL

*GET ,MAXNODE ,NODE , 0, NUM , MAX

*GET,MINNE ,NODE, 0, NUM,MIN

*D0, 1 ,MINNE ,MAXNODE

/OUT , ANSYS_SOLUTIONS_V51,tXt , , APPEND

FVWRITE, 1,NX(i),NY (), NZ(‘I) ux(w) uv(w) uz(w) ROTX(‘I) ROTY(‘I) RO'IZ(‘I)

(1x,F20. 1[} FZD 10, ,F20.1 ,F ,F20.10, ,F20.10," '",F20.10," ',F20.10," ",F20.10)
JouT

*ENDDO

Figure 4-7 Result command in the input file

Output file format was identified as text file and this file is included node numbers,
coordinate of the points, displacements on x,y,z directions and rotational displacements on

X,y,Z directions. Figure 4-8 shows output values according to node numbers of the solutions.

Node Position x,y and z Displacement x,y and z Rotational displacement x,y
PV vA A 7 1Y Ganan ’
humber and z
pumaer ang,
1. s $146524 791 ~0 4922210975 ~0. 1087981727 -4, 3633230919
™ -, 457, 3026329900 L 0 ~0.1326213070 ~0. 006 7564559 E
3. [ 37 0.0 s 0. 000422275
- I3 -0 0. 0004222785
5. 6. -9 0. 0004222788
6. 6. O 0. 0004222728
s [ -8 -0 Q. 0004, 1
8. 5. o o
9. 64, o o
10 65, o o
Al. [ 23 & - -
2, 9. 2 g2 Ao
3. o % e ¢
™ (X : E a0 o
5. 62 0 - A0
16. 75 200 400 - 0. 000, b
' 161 200 B 0. 000422278
18. 44, 1 00 - 0. 000422278
9. 244, 21 7700 - Q. 000422278
0 6i. 0 - 2. 0004, Tl
3. -37 » -t o ?
3. ol b -t o o
3. -3% - Q. 000, n
., 9. 26 47 7700 - Q. 000, 2
N 48, 2618 48, - Q. 0004, e
6. 5. M1 68, - Q. 000
7. 62, 1398099900 47, - 0. 000422278
28, 78.1762540; 174, 0338817000 -l 0. 0004222781
2. 132, T4A2488000 292, 2628739000 - 0. 000422278
0. TO. THA2385 700 33, 2469702600 - Q. 0004 £l
1. 0. ». 2 - 0. 000422273
12, (>3 ». 1 - 0. 000422278
3. 62.562243900 26.985108 3700 - Q. 0004, N
34, 8. 58 200 26.9851083700 - 0. 000422272
5. 62, «107. 04, B 0., 0004, el
3%. 62, «107.1 -0 0. 0004222785
7. 6i. - o o
®. 5. - o o
». 62.27 190, -0, 049371 ~0. 0006282942
40, 8. 100, - 38 0. 0004222785
1. - 1 0. 04937 - o2
a2 100. 0,13, <0, 008 TR64550
as N o
-, «0. «0. 04937 >3 -0, 010828
5. 116, «0. 04937 o8 -0, 010628
6. 16, O 492221897 ~0.108 79817
47, -0, o o
-8, 100, ~0. 492221897 ~0.108790172
9. 105, o o
$0. 0000000000 5. ~0.1326213070 =0, 006 7564559
$1. 0000000000 . -0, 0383540299 0. 0004222788
5.:. 300??00000 ls‘:'? -?.44 232189 7% -2.1. %981

Figure 4-8 Output values according to nodes

Disturbances come from directional-z, rotational-x and rotational-y axes. Turret is opposed
to disturbances with Articial Neural Network tool and tough the answers with its neural
networks. Stabilization parameters were calculated with equations which were given in
chapter 3.1.2. Problem was evolved to plot fitting until these point because disturbances and
answers of the system are known. Therefore, in this scope Neural Fitting application was

used for calculating stabilization parameters.

Inputs and targets data are put in the tool. Each data set are included approximately 2000

samples and 70% of the data was used for training 15% was used validation and %15 was

used for testing. Training data is presented to the network during training and the networks
54



is adjusted according to its error. Validation data is used to measure network generalization
and to halt training when generalization stops improving. Testing data has no effect on
training and so provide and independent measure of network performance during and after

training. After selecting to percentages of the data, hidden neuron quantities are specified.

Hidden Layer Qutput Layer

Input i

10 1

Figure 4-9 Block scheme of the neural network
There are 3 different training algorithm in the Neural Network tool and each algorithm has
different behavior. Levenberg-Marquardt algorithm is used for this simulation. Finally,
training is started and results are taken. Figure 4-10 shows to elevation axis corrections
against to heave motions. Similar calculations were made for pitch and roll axis to

calculating both elevation and azimuth axis stabilization values.

Function Fit for Output Element 1
T T T

0.015 T T T

0.01 -

=
=]
=]
o
T

OQutput and Target
(=]
T

=
=]
=]
5]

T

+  Training Targets

+  Training Outputs

* Validation Targets

+  Validation Qutputs

*  Test Targets

+  Test Outputs
Errars

| | | | | | | Fit

-0.014

-10040-4 -80 -60 40 -20 0 20 40 60 80 100
2 +  Targets - Outputs

Error

Input

Figure 4-10 Fitting solutions of the elevation axis stabilization values against to heave
disturbances

Mean squared error and regression values find as Figure 4-11. Mean squared error is the

average squared difference between inputs and targets. As seen the Figure 4-11 errors are
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close to zero. Regression values measure the correlation between outputs and targets. Close
to 1 values gives best relation.

&% Samples MSE R
W Training: 14001 1.58304e-8 9.99761e-1
W Validation: 3000 1.57799¢-8 9.99768e-1
W Testing: 3000 1.62758¢-8 9.99754e-1

Figure 4-11 Mean square error and regression values for elevation stabilization
Similar steps were proceed for other elevation and azimuth stabilization values against to

pitch, roll disturbances.
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4.2  Modelling Systems

4.2.1 Building Vibration model of Vehicle on MATLAB

There are several methods for building vibration model on MATLAB. The model can be
built with state-space equations of the vehicle on script file or command window on the
MATLAB. Furthermore, the model can be designed at Simulink tool with a few methods.
Simulink is the powerful tool of MATLAB for simulating Mechanic, Electronic, Electric,

Economic, etc. problems. In this study, Simulink function block method was used.

-]

(-]

-]

(]

(-]

(]

-]

(-]

-]

-]

(-]
(-]

)3 4 o o] o]

[}
E

Figure 4-12 Simulink Block diagram of 7 DOF model
According to this method, each motion equations are written in the function blocks. Blocks

first and second order integrals are connected with other blocks.
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0o oo oo oA

Figure 4-13 Simulink Block diagram of 9 DOF model

Vehicle wheels are stimulated with the APG (Aberdeen Proving Ground) course track while
15km/h, 30 km/h, and 50 km/h.

H:ﬁ—// I —

0.025 0.825
1.165
. 1.880
Bump A H=0.114
Bump B H=0.165

All dimensions in meters

Figure 4-14 The APG course dimensions [3]
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Simulink input of APG course for 15km/h was given in Figure 4-15.

0.12—
Signal 1

01—

0.08,

0.04

WJWM

Figure 4-15 Track non-uniform input
APG courses are placed on track one of left side the other right side of the track as given in
Figure 4-16. Distance of the obstacles is about 5 meters. Simulations were run according to

these inputs.

r‘ 5 meters >
|
|

|
|
|
|
[ |

i — | _______+____________
: |

] % [ | -]

- i ‘ ‘
\ J \ 4 i i
Turret Vehicle APG Course  Track

Figure 4-16 Simulation scenario of vehicle
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4.2.2 Building Turret Mechanics in MATLAB SIMULINK
As mentioned in previous chapters, the degree of freedom of the turret is two. This means
turret has to control two axis which is elevation and azimuth. The system rotate around these

axes. Each axis includes gear mechanism.

Azimuth axis Elevation axis

Bearing
Gear

Bearing
Gear

Figure 4-17 Structure of the turret
Simulink Sim-Mechanic tool is given a right approach for the dynamic analysis of the mobile
mechanisms. 3D mechanical systems can be simulated with using this tool. Each part of the
system can be represented with body blocks. Joints, constrains and sensors can be added and

measured the dynamic parameters of the system.

Turret system was modeled in Simulink Sim-Mechanic. Then the turret was installed on the
vehicle model in the Simulink. When vehicle move on z, pitch and roll axis, turret stabilize
itself against to vehicle motions.

60



VEHICLE DISTURBANCE

Figure 4-18 Turret motion axes
The turret is a mechanism, and muzzle endpoint is the point to be directed. Therefore the
important thing for the SIMULINK model of the turret is that modeling to the position of

muzzle endpoint with gear mechanism.

Figure 4-19 Simulink block diagram of the turret
Vehicle and turret are connected each other with relations. Block diagram of the connections

as follows;
Lo
g .
1 elevation_axis_control
elevation_axis_control hurred_2_axis_output (I)
[Lda, Fr e, o T 2 azimuth_axis_control z_axis_response
azimuth_axis_control
pitch | turret_roll_input turret_pitch_output —b
rotx_axis_response
vehicle_track_input roll P turret_pitch_input
track_input turret_rol_output > @
z_axis P|turret_z_axis_input "
= i roty_axis_response

vehicle turret

Figure 4-20 Turret-Vehicle connections
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Turret controls, elevation and azimuth axis, with PID controller. PID is the primary
controller, easy to tune, easy to apply and there are many works for it in the literature. PID

controller can be mostly used this kind of steering processes.

r ]
> PID(s) - P zlevation_axis_control D

elevation_output >

# azimuth_axis_control
> k_input azimuth_output —
» PID(s) S

»{ (]

Group 1

E Signal 1 —

Figure 4-21 PID controlled plant
Disturbance of the system was detected a position sensor and proceed with PID controller.
Control parameters were sent to elevation and azimuth motors and system correct itself

against to disturbances. Figure 4-22 is shown control diagram of the system.

Input Status Value +
N0 - I -
+A

Command Error
Proportional
Feedback
Elevation and Azimuth i |
Electrical Motor L

Figure 4-22 PID Control diagram of the turret

PID values, define for achieve performance and meet requirements. There are several
methods for tuning to find value of proportional, integral and derivative gains. According to
traditional method PID controller is tuned manually or rule-based methods. Traditional
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methods takes time because of iterative processes or include serious limitations. MATLAB
Control System Toolbox provide to automatic tuning. In this scope this toolbox was used for

PID tuning and values were given in Table 4-1.

Table 4-2 Proportional, Integral and Derivative values

7 DOF Vehicle 9 DOF Vehicle
Kp 0.0165 0.0246
Ki 0.0135 0.0361
Kb 0.0148 0.0312

4.2.3 Modeling Turret System on ANSYS

Engineering systems usually have complex physical inputs and being many kinds of parts
and their relations. Virtual simulation programs help to understand and optimize interactions
between physic, control and environment effects. ANSYS is one of the dominant
engineering analysis tools, and in this scope, ANSYS is used for physical simulations of the
system. Turret has various kind of sub-systems like electrical motors, reductors, electro optic
systems, gear systems, firing systems, etc. Flexibility of the sub-system mechanics are
affected aiming precision of the weapon. It is hard to observing these effects for whole parts.
However, gears are caused the most dominant flexibility effects on the turret system. For
searching flexibility effects of the gears on the aiming, turret was modeled in ANSYS.

According to this model, elevation and azimuth gears are flexible and the other parts are
rigid. For minimizing to simulation time and lighten the model, fasteners, electronic
components, electrical motors, connectors and the other insignificant parts for this analysis
were removed and point masses were assigned instead of these parts. Joints and contacts
types were directly affected simulation time and accuracy. Some contact and joints types can

be shown simple mathematical relations and givens right approach.

First step of the modeling turret in ANSY'S is importing geometry, cleaning insignificant
parts and assigning point mass instead of removed parts. Secondly, contacts and joints were
assigned, this step is very important for accuracy of the analysis. Meshing operations are

made automatically in Transient Structure tool of the ANSYS, but mesh size, relevance,
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shape can be tuned. Finally, inputs were introduced the simulation, for these simulations

while turret fixed to the ground, azimuth and elevation motions values introduced.

Figure 4-23 Elevation and Azimuth Gear meshing operation

Elevation and azimuth motions were investigated separately but system inputs are same.

Basic inputs of the simulation were given following,

e Turret was fixed to the ground,

e Reaching 60°s velocity with 90°/s? acceleration,
e Point masses instead of insignificant parts,

e Contacts and joints,

e Gravity (z direction 9,81m/s?),

e Material properties
Outputs of the simulation,

e Muzzle displacements

e Fatigue life of the gears
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Figure 4-24 ANSY'S Turret model
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5 RESULTS AND DISCUSSIONS

5.1 MATLAB Vehicle Simulation Results
Two different vehicles were simulated under three cases for this section. Each vehicle is

simulated 15km/h, 30km/h, and 50km/h velocities and observed the displacement of z, roll
and pitch axes.

5.1.1 4 Wheels 7 DOF Vehicle Simulation Results

4 wheels 7 DOF vehicle is simulated at 15km/h velocity and displacements were given in
Figure 5-1.

0.4 T

e \ displacement on z axis (m) 7
| “ ——displacement on roll axis (rad)
| . . .
Il displacement on pitch axis (rad)
0.2 —
| |
4a
5 0.1+ ‘ | - -
£ | i)
g | |
o [/
= |
N { B S —
(=) J \
‘u \
‘ |
0.1 | b 4
[ ‘J /
|
|
|
\ | [
021 “ | i =
03 | | L | | 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 5-1 7 DOF vehicle 15km/h velocity displacements on z, roll and pitch axis
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4 wheels 7 DOF vehicle is simulated at 30km/h velocity and displacements were given

Figure 5-2.

0.5

——displacement on z axis (m)
displacement on roll axis (rad)
—displacement on pitch axis (rad)

Displacement

04 \ ! ! \ \

0 1 2 3 4 5
Time (s)

Figure 5-2 7 DOF vehicle 30km/h velocity displacements on z, roll and pitch axis
4 wheels 7 DOF vehicle is simulated at 50km/h velocity and displacements were given in

Figure 5-3.
03 I I
—displacement on z axis (m)
——displacement on roll axis (rad)
02~

01—

. Displacement
e
[

displacement on pitch axis (rad)H

0.2 _
03 -
04 -
; 5 y : ; ; ’ ;

Time (s)

Figure 5-3 7 DOF vehicle 50km/h velocity displacements on z, roll and pitch axis
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As seen the charts, the amplitude of the displacements changed with time. However,

characteristics of the curves are similar for all velocities.

5.1.2 6 Wheels 9 DOF Vehicle Simulation Results

6 wheels 9 DOF vehicle is simulated at 15km/h velocity and displacements were given in

Figure 5-4.

Displacement Displacement

Displacment

-0.01
-0.02
0.03

-0.01
-0.02
-0.03]
-0.04

0.5

——displacement on z axis (m)|

0.03

0.02

0.01

0.04

7 8 2 10

0.03
0.02]
0.01

I
—displacement on pitch axis (rad)}“

5
Time (s)

Figure 5-4 9 DOF vehicle 15km/h velocity displacements on z, roll and pitch axis
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6 wheels 9 DOF vehicle is simulated at 30km/h velocity and displacements were given in

Figure 5-5.
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Figure 5-5 9 DOF vehicle 30km/h velocity displacements on z, roll and pitch axis
6 wheels 9 DOF vehicle is simulated at 50km/h velocity and displacements were given in

Figure 5-6.
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Figure 5-6 9 DOF vehicle 50km/h velocity displacements on z, roll and pitch axis
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Results are similar to 4 wheels vehicle. As seen the charts, the amplitude of the
displacements changed with time. However, characteristics of the curves are similar for all

velocities.

52 MATLAB Turret Integrated and PID Controlled Vehicle Results

As seen the previous sections, when the vehicle passes on an obstacle, the physical structure
of vehicle generate displacements. A muzzle endpoint has to affect as minimum as possible
from these displacements for high accuracy target tracing. Turret compensates against the

distributions because of to keeping weapon right position.

The turret steer against to distributions with PID controller at this section. The turret was
integrated on the 4 wheels 7 DOF and 6 wheels 9 DOF vehicles. Moreover, vehicles passed
obstacle track with 15km/h, 30km/h, and 50km/h velocities.

5.2.1 PID Controlled Turret Integrated 4 Wheels 7 DOF Vehicle
Displacement of the muzzle x, y and z-axis for 15km/h were given in Figure 5-7.
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Figure 5-7 7 DOF vehicle 15km/h velocity PID controlled Turret displacements of
muzzle (m)
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Angular velocities of x, y and z-direction of the muzzle were given in Figure 5-8.
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Figure 5-8 7 DOF vehicle 15km/h velocity PID controlled Turret angular velocities of

muzzle (rad/s)

The weapon was affected mostly displacement of z and roll axis. Displacement difference

on z-axis between muzzle and vehicle were given in Figure 5-9. As seen, the amplitude of

the muzzle displacement lower than the vehicle.
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Figure 5-9 7 DOF vehicle 15km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)
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Displacement of the muzzle x, y and z-axis for 30km/h were given in Figure 5-10.
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Figure 5-10 7 DOF vehicle 30km/h velocity PID controlled Turret displacements of
muzzle (m)

Angular velocities of x, y and z-direction of the muzzle were given in Figure 5-11.
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Figure 5-11 7 DOF vehicle 30km/h velocity PID controlled Turret angular velocities
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Displacement difference on z-axis for 30km/h between muzzle and vehicle were given
Figure 5-12.
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Figure 5-12 7 DOF vehicle 30km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)

Displacement of the muzzle x, y and z-axis for 50km/h were given in Figure 5-13.
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Figure 5-13 7 DOF vehicle 50km/h velocity PID controlled Turret displacements of
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Angular velocities of x, y and z-direction of the muzzle were given in Figure 5-14.
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Figure 5-14 7 DOF vehicle 50km/h velocity PID controlled Turret angular velocities
of muzzle (rad/s)

Displacement difference on z-axis for 50km/h between muzzle and vehicle were given in
Figure 5-15.
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Figure 5-15 7 DOF vehicle 50km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)
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5.2.2 PID Controlled Turret Integrated 6 Wheels 9 DOF Vehicle
Displacement of the muzzle x, y and z-axis for 15km/h were given in Figure 5-16.
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Figure 5-16 9 DOF vehicle 15km/h velocity PID controlled Turret displacements of
muzzle (m)

Angular velocities of x, y and z-direction of the muzzle were given in Figure 5-17.
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Figure 5-17 9 DOF vehicle 15km/h velocity PID controlled Turret angular velocities
of muzzle (rad/s)
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As seen Figure 5-18, amplitudes on the z-axis of the turret are half of the vehicles;
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Figure 5-18 9 DOF vehicle 15km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)

Displacement of the muzzle x, y and z-axis for 30km/h were given in Figure 5-19.
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Angular velocities of x, y and z-direction of the muzzle were given inFigure 5-20.
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Figure 5-20 9 DOF vehicle 30km/h velocity PID controlled Turret angular velocities
of muzzle (rad/s)

Amplitudes of the muzzle and vehicles on z-axis for 30km/h were given in Figure 5-21.
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Figure 5-21 9 DOF vehicle 30km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)
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Displacement of the muzzle x, y and z-axis for 50km/h were given in Figure 5-22.
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Figure 5-22 9 DOF vehicle 50km/h velocity PID controlled Turret displacements of
muzzle (m)

Angular velocities of x, y and z-direction of the muzzle were given in Figure 5-23.
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Figure 5-23 9 DOF vehicle 50km/h velocity PID controlled Turret angular velocities
of muzzle (rad/s)
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Amplitudes of the muzzle and vehicles for 50km/h were given in Figure 5-24.
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Figure 5-24 9 DOF vehicle 50km/h velocity PID controlled comparing z displacement
between vehicle and muzzle (m)

5.3 ANSYS Results

5.3.1 Maximum Elevation Velocity While Elevation Gear is Flexible and Rigid
These simulations run for seeing the effect of elevation gear flexibilities. In this simulation,
muzzle motion compares with rigid and flexible cases, when weapon reach maximum

velocity position of weapon as Figure 5-25.

Figure 5-25 Flexible elevation gear maximum velocity analysis
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Weapon position on z-axis can be seen in Figure 5-26.
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Figure 5-26 Maximum elevation velocity flexible gear analysis results (mm)

Figure 5-27 Rigid elevation gear maximum velocity analysis
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Weapon motion on z-axis for rigid case was given in Figure 5-28.
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Figure 5-28 Maximum elevation velocity rigid gear analysis results (mm)

Flexible analysis solution line characteristic is more sinusoidal according to rigid solution.

Muzzle motion for rigid an flexible gear is compared in Figure 5-29.
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Figure 5-29 Comparing rigid and flexible cases at z-axis (mm)

Difference between rigid and flexible gear condition, muzzle positions with time can be seen

easily. Simulation run for 1 second; differences are not significant until 1 second. The system

takes desired position at 1 second. There is 1.2mm difference occurred end of the simulation

between rigid and flexible gears conditons. Difference between rigid and flexible gears were

given in Figure 5-30.
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Figure 5-30 Rigid and flexible gear muzzle position difference at z-axis (mm)
Motion trajectories of rigid and flexible cases at x-axis wew given in Figure 5-31.
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Figure 5-31 Comparing rigid and flexible cases at x-axis (mm)
Muzzle move at a different position along the time at the x-axis. At the final step, the muzzle
is 2.345mm further under flexible conditions. Difference between rigid and flexible gears

were given in Figure 5-32.
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No motion was observed at y-axis as Figure 5-33.
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Figure 5-33 Comparing rigid and flexible cases at y-axis (mm)

5.3.2 Maximum Azimuth Velocity While Azimuth Gear is Flexible and Rigid

These simulations run for seeing the effect of azimuth gear flexibilities. In this simulation,
Muzzle motion compares with rigid and flexible cases. Turret has a specific acceleration and
velocity. Turret reach maximum velocity at 60°. Path of the motion was given in Figure 5-34.
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Figure 5-34 Azimuth gear maximum velocity analysis

Position at x-axis for rigid and azimuth gears were given in Figure 5-35.
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Figure 5-35 Muzzle position at x-axis for rigid and flexible azimuth gear
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Difference between flexible and rigid at x-axis which is given below, it can be seen that there

IS no major difference between rigid and flexible cases. Maximum difference is about 0.06
mm.
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Figure 5-36 Displacement difference for rigid and flexible azimuth gear at x-axis
Position at y-axis for rigid and azimuth gears were given in Figure 5-37.
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Figure 5-37 Muzzle position at y-axis for rigid and flexible azimuth gear (mm)
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Difference between rigid and flexible azimuth gear at y-axis is the following the figure. The
maximum difference is about 0.025mm.
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Figure 5-38 Displacement difference for rigid and flexible azimuth gear at y-axis

It was not observed any displacement on z-axis which was given in Figure 5-39.
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Figure 5-39 Muzzle position at z-axis for rigid and flexible azimuth gear
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5.3.3 Gears Fatigue Failure Analysis

Machine elements usually fail under the repeated or fluctuating stresses. These loading types
is called variable loading. Even if maximum stress is below the yield strength, elements can
fail under the variable loading. Characteristic of these failures is that, stresses have been
repeated a very large number of cycle and element fail suddenly, there is no alert.

Azimuth and elevation gear are loaded variable during to their lifelong. Steering and
stabilization processes cause to load gears positive and negatively, therefore gears fatigue

failure has to be analyzed.
Calculation of the fatigue life depends on following inputs [19],

e Fatigue analysis type

e Loading type

e Mean stress effects

e Multiaxial Stress Correction

e Fatigue Modification
Each inputs include sub-options. These options can be chosen according to analysis type.

In this scope, gears were analyzed strain life fatigue analysis type. Loading type of the gears
are constant amplitude, proportional loading and for the mean stress calculation Goodman
theory was chosen. Elevation and azimuth gear materials same and material properties is

given in Table 5-1 Gear material Properties

Table 5-1 Gear material Properties

Properties Value Unit
Young’s Modulus 200 GPa
Tensile Yield Strength 250 MPa
Tensile Ultimate Strength 460 MPa
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ANSYS include alternating stress — number of cycle curve for each material in its survey
and curve of the using material in this analysis is given in Figure 5-40.
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Figure 5-40 Stress-cycle chart of the steel
During the maximum elevation motions stresses were given in Figure 5-41 on the elevation

gear.
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Figure 5-41 Elevation gear stress versus time
Elevation gear stress is very low according to material properties because gear was design
for low flexibility and this cause to increasing strength. Solution of the fatigue life analysis
was found 1e+006 cycles and this means that it is not foreseen to any damage. Gear could

work under these conditions safely.
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Figure 5-42 Fatigue life of elevation gear
During the maximum azimuth motions stresses were given in Figure 5-41 on the azimuth

gear.
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Figure 5-43 Azimuth gear stress versus time
Stresses on the azimuth gear were very low according to Young modulus of the material.
Azimuth gear was design for low flexibility like elevation gear. Fatigue life cycle was found

1e+006 cycles and azimuth and elevation gears fatigue life were found endless.
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Figure 5-44 Fatigue life of azimuth gear
It is not foreseen to see fatigue failure to the gears with their lifelong according to these

solutions.

54 MATLAB ANSYS Integrated Results

In this section, the scenario is that turret system was integrated on vehicle and vehicle pass
on the obstacles at 30km/h velocity and turret stabilized itself according to 10 meters beyond
the target. These simulations were run for 7 DOF and 9 DOF vehicles. Vibration profiles
were generated by MATLAB SIMULINK. These profiles have ~10000 data point, therefore
only peak points of the heave, roll and pitch motions were sent to ANSYS. However, peak
times do not same for heave, roll and pitch profiles. Firstly, peaks points and peak times
were found for each profile separately. Then times points have been merged for all profiles.
Point quantities were reached 85 at this step. MATLAB has been sent to peaks of profiles
with times and control parameters for each point to ANSYS. MATLAB has collapsed an
output file for 85 iterations. In these simulations ANSY'S was run in batch mode, there is not
any interface like WORKBENCH. Whole commands were sent by MATLAB. Before the
ANSYS APDL running,

Making a flexible analyze at ANSYS takes a time. One step calculations take approximately
5 hours depends on the performance of the computer. If these simulations were run under
flexible conditions, it would need to ~425 hours for 85 iterations. A significant difference
between flexible and rigid analysis for the small motion of elevation and azimuth axis is not
foreseen. Proving this foresee one step analysis was run for maximum amplitude for heave,
pitch and roll and maximum stabilization parameters at ANSYS WORKBENCH.
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Table 5-2 Maximum motion condition

Motion Maximum Value Selected Value

Maximum heave for 7 DOF Vehicle 0.0761 m
0,5064 m

Maximum heave for 9 DOF Vehicle 0,5064 m

Maximum roll for 7 DOF Vehicle 0.3200 rad
0.3200 rad

Maximum roll for 9 DOF Vehicle 0,0283 rad

Maximum pitch for 7 DOF Vehicle 0.2766 rad
0.2766 rad

Maximum pitch for 9 DOF Vehicle 0,0311 rad

According to Table 5-2 control parameters calculated by Artificial Neural Network functions

as elevation axis -0.3151 rad and azimuth axis 0.0431 rad.

Elevation axis analysis was analyzed for rigid and flexible gear conditions. Positions were

given in Figure 5-45.
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Figure 5-45 Displacement of the muzzle

Displacement difference between flexible and rigid conditions were given in Figure 5-46.
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Figure 5-46 Displacement difference of the muzzle between rigid and flexible gears

Maximum value of the difference were given in Table 5-3.

Table 5-3 Maximum displacement difference (mm)

AXis Maximum displacement difference
X 2.1000e-04
y 0
z 0.00270

As seen the Table 5-3, maximum displacement difference about 0.214 um and 2.27um for

elevation axis. Maximum azimuth axis difference between rigid and flexible cases for

maximum motion condition was given Heading 5.3.2 and this was found as 60um.

Flexible and rigid case analysis were given almost same results. The differences are small

enough to be ignored. Realistic results can be given by rigid analysis so simulations were

run for rigid cases for simplifying to problem.
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5.4.1 7 DOF Vehicle Analysis
Generated peak points profiles for 7 DOF vehicle were given as Figure 5-47. These are the

inputs for elevation and azimuth motions of the turret systems.
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Figure 5-47 Picks of the heave, roll, and pitch motion for input
Turret stabilizes itself with Artificial Neural Network functions for elevation and azimuth

axis. Simulation results of X, y and z-axis for muzzle endpoint were given in Figure 5-48.
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Figure 5-48 Muzzle position of x, y and z-axis (mm)
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Simulation results of rotation on x, y and z-axis for muzzle endpoint were given in Figure
5-49.
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Figure 5-49 Muzzle rotation of x, y and z-axis (rad)
Heave displacement of vehicle and X, y, z displacement of muzzle were compared in Figure
5-50.
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Figure 5-50 Muzzle and heave displacements
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Roll, pitch rotational displacement of vehicle and X, y, z rotational displacement of muzzle
were compared in Figure 5-51.
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Figure 5-51 Muzzle rotational, roll and pitch displacements

5.4.2 9 DOF Vehicle Analysis
Generated peak points profiles for 9 DOF vehicle were given in Figure 5-52. These are the

inputs for turret systems.
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Figure 5-52 Picks of the heave, roll and pitch motion for input

95



Turret stabilizes itself with Artificial Neural Network functions for elevation and azimuth

axis. Simulation results of x, y and z-axis for muzzle endpoint were given in Figure 5-53.
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Figure 5-53 Muzzle position of x, y and z-axis (mm)

Simulation results of rotation on X, y and z-axis for muzzle endpoint were given in Figure

5-54.
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Heave displacement of vehicle and x, y, z displacement of muzzle were compared in Figure
5-55.
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Figure 5-55 Muzzle and heave displacements
Roll, pitch rotational displacement of vehicle and X, y, z rotational displacement of muzzle
were compared in Figure 5-56.
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6 CONCLUSIONS AND FUTURE WORK

Turret stabilization processes depend on various kinds of physical conditions. Flexibility of
the turret mechanics, mounting types, usage area are effected these performances. Gear
mechanisms are one of the most complicated systems in the turret. Backlash effects,
unbalanced masses, friction forces and flexibility of the materials are the main problems for

the gears.

This study was try to provide realistic simulation environment for the turret systems. These
systems are mostly used for ground vehicles. Observing motion behaviors of the system,
turret was installed two different vertical vehicle model and simulated with three different
velocities. Then searching to flexibility effects of the gears, ANSYS model of the turret was

created.

Firstly, vertical models were built for 4 wheel 7 DOf and 6 wheel 9 DOF vehicle. Vehicles
were passed over obstacles which name is Aberdeen Proving Ground, widely used for
military vehicle and system tests, and motions are observed at three different velocities. 7
DOF vehicle has more rough curve characteristics because of own stiffness, damping and

mass dynamics. 9 DOF vehicle curve characteristics are smoother.

Turret mechanism can be built in MATLAB SIMULINK with using physical blocks. This
model was installed two different vehicle models and vehicles were passed over obstacles,
again. Turret steering mechanisms were controlled with PID controller. Controller
parameters were tuned automatically with using MATLAB Control System Tuning. Each
vehicle has own dynamics, therefore two different tuning operations were made for two
different vehicles. PID Controller was successfully responded against to distributions.
Because the muzzle moves more significant on the z-axis, vehicle heave motion and muzzle
z-axis displacements were plot together and observed amplitude of the muzzle motions at z-

axis are half of the vehicle heave motions.

For searching flexibility effects of the gears on aiming, physical model of the turret were
built with using ANSY S software. If right approaches are applied, this model can give close
to the real results. System was analyzed with flexible and rigid gear conditions and results
were compared. Displacement difference between flexible and rigid gears on the muzzle at
azimuth axis was found about 0.06mm. This value is equal 0.012° displacement difference

on the azimuth gears for flexible and rigid conditions. At the elevation axis maximum
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displacement difference was found about 5mm on the muzzle and this value is equal to 0.96°
on the elevation gear for flexible and rigid conditions.

Repeated or fluctuating stresses can be caused fail even if maximum stresses is below the
yield strength. Variable loads are dangerous loading types for machine elements. Fatigue life
of the mechanical parts can be analyzed with ANSYS software easily. With using loading
types, means stresses effects, multiaxial stress correction and fatigue modifications
information fatigue analysis can be performed. Gear systems in the turret is exposed to this
kind of variable loadings during to its service life. Gears analyzed at the maximum loading

conditions and no danger has been foreseen. Fatigue life of the gears were found endless.

In the last step, MATLAB vehicle model and ANSYS turret model were connected.
MATLAB gives right approach for vehicle vibration model and it is possible to create
physical model of the turret at ANSYS. Power of these two programs provides to see what
is happening in the real conditions. Simulations were run 143 iteration for 7 DOF vehicle
and 85 iteration for 9 DOF vehicle. Iteration quantities have determined by Peak points of
the heave, roll and pitch motions. Moreover stabilization parameters of the turret were
provided by MATLAB Atrtificial Neural Network Tool. According to this, responses of the
systems tough to the program previously and until this point, turret was decided stabilization
responses itself. Network can respond to disturbances coming from 6-axis.

This study shows that ANSYS and MATLAB software can be used effectively together. For
example, suspension or chassis systems which is analyzing with ANSYS can be simulate
under real track conditions. System can be loaded with realistic values with this connections.
Either other parts on the vehicle can be simulated with this method. We can think about the
reverse, it can observed to the impact of the firing shock of the weapon on the vehicle
suspension and it can have an idea about changes on the driving characteristics. It is possible
for the systems can produce own responses against the variable states with using artificial

intelligences
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APPENDIX

$running vehicle parameters
vehicle value 4x4 $Values of 7DOF
$vehicle value 6x6 %Values of 9DOF

$running simulink
model = 'Vehicle 4x4'; %7DOF vehicle model
smodel = 'Vehicle 6x6'; %9DOF vehicle model

load system(model)
sim (model)

$finding peaks of heave

Al=findpeaks (heave) ;

A2=findpeaks (-1*heave);

A3=-1*A2;

Ad=[Al1l;A3];

[m, nl=size(A4);

for a=1:1:m
A5(a,l)=(find (heave==A4(a,l1)));

end

A6=[A5 RA4];

A7=sortrows (A6) ;

%$finding peaks of roll

Bl=findpeaks (roll);

B2=findpeaks (-1*roll);

B3=-1*B2;

B4=[B1;B3];

[ml, nl]l=size(B4);

for a=1:1:ml
B5(a,l)=(find(roll==B4 (a,1l))):;

end

B6=[B5 B4];

B7=sortrows (B6) ;

$finding peaks of pitch

Cl=findpeaks (pitch);

C2=findpeaks (-1*pitch);

C3=-1*C2;

C4=[C1;C3];

[m2, n2]=size(C4);

for a=1:1:m2
C5(a,l)=(find (pitch==C4 (a,1)));

end

Ce=[C5 C4];

C7=sortrows (C6) ;
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$Merginng peaks with time
Dl1= [A7(:,1); B7(:,1); C7(:,1)]1;
D2=sortrows (D1) ;
[D3]=unique (D2, 'rows"') ;
D4=pitch(D3(:,1),:);
PITCH=[D3/1000 D4];
D5=roll (D3 (:,1),:);
ROLL=[D3/100 D5];
D6=heave (D3 (:,1,:));
HEAVE=[D3/100 D6*1000];
[m3, n3]=size(D3);

sazimuth and elevation axis gear ratio;
d yanal=10;
d_yukselis=16;

%step size
m4=m3-1;

for i=1:1:m4

%elevation axis correction;
YUK1= (NN alfa heave (HEAVE (i,2))+NN _alfa beta (ROLL(i,2)))*d yukselis;
YUK2=(NN_alfa heave (HEAVE (i+1,2))+NN _alfa beta (ROLL(i+1,2)))*d yukselis;

K0=400; $elevation high

LW=450; gmuzzle-elevation axis distance
K1=K0+LW*sin (YUK1) ;

K2=K0+LW*sin (YUK2) ;

%azimuth axis correction;
YAN1=(NN_ tetha omega (PITCH(i,2)))*d yanal*Kl;
YAN2=(NN_tetha omega (PITCH(i+1,2)))*d yanal*K2;

$Putting inputs in the batch file
content = fileread( 'ANSYS BATCH VI12.txt' );

content = regexprep( content, '(?<= loadvari229\(1,1,1\) = )\S+', sprintf(
'$£', YUK1 )) ;
content = regexprep( content, '(?<= loadvari229\(2,1,1\) = )\S+', sprintf (
'$f', YUK2 )) ;
content = regexprep( content, '(?<= loadvari230\(1,1,1\) = )\S+', sprintf(
'Sf', YAN1 )) ;
content = regexprep( content, ' (?<= loadvari230\(2,1,1\) = )\S+', sprintf (
TSFT, YAN2 )) ;

%initial loads

content = regexprep( content, ' (?<= loadvariz226uz\(1,1,1\) = )\S+',
sprintf( '$f', HEAVE(i,2) )) ;
content = regexprep( content, ' (?<= loadvariz226uz\(2,1,1\) = )\S+',
sprintf( '$f', HEAVE(i+1,2 ));
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content = regexprep( content, '(?<= loadvari226roty\(1,1,1\) = )\s+',
sprintf( '$f', ROLL(i,2) ));

content = regexprep( content, '(?<= loadvari226roty\(2,1,1\) = )\s+',
sprintf( '$f', ROLL(i+1,2) ));

content = regexprep( content, '(?<= loadvari226rotx\(1,1,1\) = )\s+',
sprintf( '$f', PITCH(i,2 ) )) :

content = regexprep( content, '(?<= loadvari226rotx\(2,1,1\) = )\s+',
sprintf( '$f', PITCH(i+1,2) ))

$Putting time in the batch file

content = regexprep( content, ' (?<= loadvari229\(1,0,1\) = )\S+', sprintf(
"$f', HEAVE(i,1) )) ;

content = regexprep( content, '(?<= loadvari229\(2,0,1\) = )\S+', sprintf(
'$f', HEAVE (i+1,1) ));

content = regexprep( content, ' (?<= loadvari230\(1,0,1\) = )\S+', sprintf(
'$f', HEAVE(1i,1) )) ;

content = regexprep( content, ' (?<= loadvari230\(2,0,1\) = )\S+', sprintf (
"Sf', HEAVE (i+1,1) ));

content = regexprep( content, ' (?<= loadvariz226uz\(1,0,1\) = )\S+',
sprintf( '%f', HEAVE (i, 1) )) ;

content = regexprep( content, ' (?<=_loadvari226uz\(2,0,1\) = )\S+',
sprintf( '%f', HEAVE (i+1,1) ));

content = regexprep( content, ' (?<= loadvari226rotx\(1,0,1\) = )\s+',
sprintf( '$f', HEAVE(i,1) ))

content = regexprep( content, '(?<= loadvari226rotx\(2,0,1\) = )\s+',

sprintf( '%f', HEAVE (i+1,1) ));

content = regexprep( content, '(?<= loadvari226roty\(1,0,1\) = )\s+',
sprintf( '$f', HEAVE(i,1) ))

content = regexprep( content, '(?<= loadvari226roty\(2,0,1\) = )\s+',
sprintf( '%f', HEAVE (i+1,1) ));

fId = fopen( 'ANSYS BATCH INPUT VI12.txt', 'w' ) ;

fwrite( fId, content ) ;

fclose( fId ) ;
%$running ansys apdl at batch mode

!'"C:\Program Files\ANSYS Inc\vl62\ansys\bin\winx64\ANSYS162.exe" -b -1
ANSYS BATCH INPUT V12.txt -o ANSYS BATCH OUTPUT V12.txt

end
%$Storing solutions

fileID=fopen ('ANSYS SOLUTIONS VI1Z2.txt');
formatSpec='%f %f $f $f $f $f £ £ Sf Sf';
E = textscan(filelID, formatSpec);
TIME=1:1:10;

NODE=E{1,1};

XXCC=E{1,2};

YYCC=E{1,3}:
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Z72CC=E{1,4};
XXC=E{1,5};
YYC=E{1l,6};
7272C=E{1,7};
ROTXX=E{1,8};
ROTYY=E{1,9};
ROTZZ=E{1,10};
E1=[NODE XXCC YYCC ZZCC XXC YYC ZZC ROTXX ROTYY ROTZZ];
E2=(find(E1(:,1)==19));

EXXC=E1l (E2 (:,1),5);
EXXY=E1 (E2 (:,1),6);
EXXZ=E1 (E2 (:,1),7);
EROTXX=E1 (E2 (:,1),8
EROTYY=E1 (E2 (:,1),9
EROTZZ=E1 (E2(:,1),1

4
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9 DOF Vehicle value

ml=17400;
m2=270;
m3=270;
m4=270;
m5=270;
m6=270;
m7=270;
k1=806170;
k2=806170;
k3=806170;
k7=806170;
k8=806170;
k9=806170;
k4=986849;
k5=986849;
k6=986849;
k10=986849;
k11=986849;
k12=986849;
cl=25333;
c2=25333;
c3=25333;
c7=25333;
c8=25333;
c9=25333;
c4=50;
c5=50;
c6=50;
cl1l0=50;
cll=50;
cl2=50;
Jteta=(1/12)* (m1*7.040*7.040) ;
Jalfa=(1/12)* (ml1*2.770*2.770) ;
L1=5.160;
L2=3.520;
L3=3.340;
L4=3.260;
L5=1.760;
L6=1.200;
L7=1.056;
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7 DOF vehicle value

ml=60;
m2=60;
m3=60;
m4=60;
m5=1200;
Jteta=4000;
Jalfa=950;
k1=30000;
k2=30000;
k3=30000;
k4=30000;
kt1=180000;
kt2=180000;
kt3=180000;
kt4=180000;
cl1=3500;
c2=3500;
c3=3500;
c4=3500;
ct1=500;
ct2=500;
ct3=500;
ct4=500;
L1=1.5;
L2=1.5;
L3=0.75;
L4=0.75;
L5=0.75;

107




Neural Network files

function [Y,Xf,Af] = NN alfa heave(X,~,~)
SMYNEURALNETWORKFUNCTION neural network simulation function.

o

o

Generated by Neural Network Toolbox function genFunction, 17-Jan-2018
17:14:13.

o\

o\°

(Y]

myNeuralNetworkFunction (X, ~,~) takes these arguments:

o

o

X = 1xTS cell, 1 inputs over TS timesteps
Each X{1,ts} = 0Ox1 matrix, input #1 at timestep ts.

o° oo

o\

and returns:
Y = 1xTS cell of 1 outputs over TS timesteps.
Each Y{1,ts} = Ox1 matrix, output #1 at timestep ts.

o° o o°

oe

where Q 1s number of samples (or series) and TS 1is the number of
timesteps.

S #ok<*RPMTO>

o)

% Input 1

x1 stepl.xoffset = -100;
x1l stepl.gain = 0.01;
x1l stepl.ymin = -1;

% Layer 1

bl = [13.875461113410157;-10.814515696869364; -
7.7223720164887206;4.6349391018868058;1.5611343696953928;1.5255269104088
851;-4.6465618340180166;-7.7631657131753311;-10.849401735432414; -
13.9944508173431471;

Iwl 1 = [-14.101733556199362;14.000343937572172;13.960651654843305;
13.946515564022523;-13.938606197604694;13.937080880628089; -
13.932577652471911;-13.939358074448947;-13.966471514712142; -
13.9900505009987861] ;

% Layer 2

b2 = -0.027888946924097643;

Lw2 1 = [-0.11102084435182702 0.10744439635774512 0.11021405216505954 -
0.1105888759836708 -0.11042723815101603 0.11105104946528439 -
0.11234300808893408 -0.11108595803281078 -0.10810980047059961 -

0.13616017847348327];

% Output 1

yl stepl.ymin = -1;

yl stepl.gain = 100.003330110893;
yl stepl.xoffset = -0.009999667;

o)

% Format Input Arguments
isCellX = iscell (X);
if ~isCellX
X = {X};
end
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% Dimensions

TS = size(X,2); % timesteps
if ~isempty (X)
Q = size(X{1l},1); % samples/series
else
Q= 0;
end

% Allocate Outputs
Y = cell(1,TS);

% Time loop

for ts=1:TS

% Input 1
X{1l,ts} = X{1,ts}';
Xpl = mapminmax apply (X{1l,ts},x1l stepl);

% Layer 1
1 = tansig apply(repmat(bl,1,Q) + IWl 1*Xpl);

©

% Layer 2
az = repmat (b2,1,Q) + LW2 1*al;

% Output 1
Y{1l,ts} = mapminmax reverse(az,yl stepl);
Y{1l,ts} = Y{1,ts}"';

end

% Final Delay States
f = cell(1,0);
Af cell(2,0);

b

% Format Output Arguments
if ~isCellX
Y = cell2mat (Y);

% Map Minimum and Maximum Input Processing Function
function y = mapminmax apply(x,settings)

y = bsxfun (@minus, x, settings.xoffset);

y = bsxfun (@times, y,settings.gain);

y bsxfun (@plus, y,settings.ymin) ;

end

% Sigmoid Symmetric Transfer Function

function a = tansig_apply(n,~)

a=2 ./ (1 + exp(-2*n)) - 1;

end

% Map Minimum and Maximum Output Reverse-Processing Function
function x = mapminmax reverse (y,settings)

x = bsxfun(@minus,y,settings.ymin);

x = bsxfun(@Qrdivide, x,settings.gain);

X bsxfun (@plus, x,settings.xoffset);

end
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function [Y,Xf,Af] = NN alfa beta(X,~,~)
SMYNEURALNETWORKEFUNCTION neural network simulation function.

o

o\°

Generated by Neural Network Toolbox function genFunction, 17-Jan-2018
17:28:14.

o\°

o

(Y]

myNeuralNetworkFunction (X, ~,~) takes these arguments:

o

o\

X = 1xTS cell, 1 inputs over TS timesteps
Each X{1,ts} = Ox1 matrix, input #1 at timestep ts.

o° oo

o

and returns:
Y = 1xTS cell of 1 outputs over TS timesteps.
Each Y{1,ts} = Ox1 matrix, output #1 at timestep ts.

o o° oe

o\

where Q is number of samples (or series) and TS 1is the number of
timesteps.

SH#ok<*RPMTO>

[

% Input 1

x1 stepl.xoffset = -1;
x1l stepl.gain = 1;

x1l stepl.ymin = -1;

s Layer 1

1 = [6.9048436540193245;3.1986130043361998; -
2.1963080058602431;1.1260085879614732; -
0.31248262130632803;0.45059078902978161;-1.3727545768525198; -
2.6972951654306527;2.9997877660792991;3.5528608172033458];

Iwl 1 = [-6.0317015596130474;-3.1972719546469941;2.9639852633594157; -
2.2238897623026785;2.0086989712263121;2.0256885873310901; -
2.5096444233901525; -
3.9590030927713995;3.4608881579980157;2.99427961405897];

o

% Layer 2

b2 = 0.071131493129348439;

Lw2 1 = [0.048634807242525703 0.15655224485922731 -0.077326710250261665
0.1892654825983382 -0.20570976170952265 -0.22332451753929769
0.15333034948536409 0.017304970528547934 -0.07909981239471274 -

0.24212552228034559];

% Output 1

yl stepl.ymin = -1;

yl stepl.gain = 1;

yl stepl.xoffset = -1;

[

% Format Input Arguments
isCellX = iscell(X);
if ~isCellX
X = {X};
end
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[

% Dimensions

TS = size(X,2); % timesteps
if ~isempty (X)
Q = size(X{1l},1); % samples/series
else
Q= 0;
end

% Allocate Outputs
Y = cell(1,TS);

% Time loop

for ts=1:TS

o)

% Input 1
X{1l,ts} = X{1,ts}';
Xpl = mapminmax apply(X{1l,ts},x1l stepl);

% Layer 1
al = tansig apply(repmat (bl,1,Q) + IWl 1*Xpl);

% Layer 2
az = repmat (b2,1,Q) + LW2 1*al;

% Output 1
Y{1l,ts} = mapminmax reverse(aZ2,yl stepl);
Y{1l,ts} = Y{1,ts}"';

end

[

% Final Delay States
Xf = cell(1,0);
Af = cell(2,0);

% Format Output Arguments
if ~isCellX
Y = cell2mat (Y);

% Map Minimum and Maximum Input Processing Function
function y = mapminmax apply(x,settings)

y = bsxfun (@minus, x, settings.xoffset);

y = bsxfun (@times, y,settings.gain);

y = bsxfun (@plus,y,settings.ymin);

end

% Sigmoid Symmetric Transfer Function

°

function a = tansig apply(n,~)

a=2 ./ (1 + exp(-2*n)) - 1;

end

% Map Minimum and Maximum Output Reverse-Processing Function
function x = mapminmax reverse (y,settings)

x = bsxfun(@minus,y,settings.ymin);

x = bsxfun(@Qrdivide, x,settings.gain);
X bsxfun (@plus, x,settings.xoffset);
end

111




function [Y,Xf,Af] = NN tetha omega (X,~,~)
SMYNEURALNETWORKEFUNCTION neural network simulation function.

o\

o\°

Generated by Neural Network Toolbox function genFunction, 17-Jan-2018
18:07:04.

o

o

[Y] = myNeuralNetworkFunction (X,~,~) takes these arguments:

o\

o\°

X = 1xTS cell, 1 inputs over TS timesteps
Each X{1,ts} = 0Ox1 matrix, input #1 at timestep ts.

o oe

o

and returns:
Y = 1xTS cell of 1 outputs over TS timesteps.
Each Y{1,ts} = Ox1 matrix, output #1 at timestep ts.

o° oo oe

o\°

where Q 1is number of samples (or series) and TS is the number of
timesteps.

SH#ok<*RPMTO>

[

% Input 1

x1 stepl.xoffset = -1;
x1l stepl.gain = 1;

x1l stepl.ymin = -1;

s Layer 1

1 = [14;-10.888888888888889;7.7777777777777786; -
4.666666666666667;1.5555555555555562;1.5555555555555562; -
4.6666666666666661;-7.7777777777777786;10.888888888888888;14];

IWl 1 = [-14;14;-14;14;-14;14;-14;-14;14;14];

o

% Layer 2

b2 = 0.415049600702315;

Lw2 1 = [-0.87715899273550724 0.63309706017023171 0.17228641383283438 -
0.38021296133042348 -0.76197744139229551 0.42370030634048939 -
0.39872310315991744 -0.30154144986970888 -0.53339422731047503
0.39698294257594058] ;

% Output 1

yl stepl.ymin = -1;

yl stepl.gain = 6420.91677849763;
yl stepl.xoffset = -0.000155741;
% ===== SIMULATION ========

o)

% Format Input Arguments
isCellX = iscell (X);
if ~isCellX
X = {X};
end
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% Dimensions

TS = size(X,2); % timesteps
if ~isempty (X)
Q = size(X{1l},1); % samples/series
else
Q= 0;
end

% Allocate Outputs
Y = cell(1,TS);

% Time loop
for ts=1:TS

[

% Input 1
X{1l,ts} = X{1,ts}';
Xpl = mapminmax apply(X{1l,ts},x1l stepl);

% Layer 1
al = tansig apply(repmat (bl,1,Q) + IWl 1*Xpl);

% Layer 2
az = repmat (b2,1,Q) + LW2 1*al;

% Output 1
Y{1l,ts} = mapminmax reverse(az,yl stepl);
Y{1l,ts} = Y{1,ts}"';

end

% Final Delay States
Xf = cell(1,0);
Af = cell(2,0);

% Format Output Arguments
if ~isCellX
Y = cell2mat (Y);

o)

% Map Minimum and Maximum Input Processing Function
function y = mapminmax apply (x,settings)

y = bsxfun (@minus, x, settings.xoffset);

bsxfun (@times, y,settings.gain);

y = bsxfun (@plus,y,settings.ymin);

=
Il

o)

% Sigmoid Symmetric Transfer Function

function a = tansig_apply(n,~)

a=2 ./ (1 + exp(-2*n)) - 1;

end

% Map Minimum and Maximum Output Reverse-Processing Function
function x = mapminmax reverse (y,settings)

x = bsxfun (@minus,y,settings.ymin);

X bsxfun (@rdivide, x,settings.gain) ;

X bsxfun (@plus, x,settings.xoffset);

end
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% Dimensions

TS = size(X,2); % timesteps
if ~isempty (X)
Q = size(X{1l},1); % samples/series
else
Q= 0;
end

% Allocate Outputs
Y = cell(1,TS);

% Time loop

for ts=1:TS

[

% Input 1
X{1l,ts} = X{1,ts}';
Xpl = mapminmax apply (X{1l,ts},x1l stepl);

% Layer 1
al = tansig apply(repmat (bl,1,Q) + IWl 1*Xpl);

% Layer 2
az = repmat (b2,1,Q) + LW2 1*al;

% Output 1
Y{1l,ts} = mapminmax reverse(az,yl stepl);
Y{1l,ts} = Y{1,ts}"';

end

[

% Final Delay States
Xf = cell(1,0);
Af = cell(2,0);

% Format Output Arguments
if ~isCellX
Y = cell2mat (Y);

% Map Minimum and Maximum Input Processing Function
function y = mapminmax apply (x,settings)

y = bsxfun (@minus, x, settings.xoffset);

bsxfun (@times, y,settings.gain);

y = bsxfun (@plus,y,settings.ymin);

=
Il

% Sigmoid Symmetric Transfer Function
function a = tansig_apply(n,~)

a=2 ./ (1 + exp(-2*n)) - 1;

end

% Map Minimum and Maximum Output Reverse-Processing Function
function x = mapminmax reverse (y,settings)

x = bsxfun(@minus,y,settings.ymin);

X bsxfun (@rdivide, x,settings.gain) ;

x = bsxfun (@plus,x,settings.xoffset);

end
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