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Experimental study of turret-mounted automatic
weapon vibrations
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Abstract—The purpose of this article is to introduce a new
approach to finding the dynamic characteristics of weapon parts
when burst-fired. The result is both vibrations of the parts mounted
on track vehicle such as cradle and turret, and the excitation force
acting from the weapon onto the mount. The experiments were tested
out on a 30 mm soft recoil gas operated cannon turret-mounted on a
track vehicle. All results follow from these technical experiments, as
well as other derived parameters after frequency and correlation
analysis. The outputs can be used for validation of a dynamic model
of a weapon system mounted on a track vehicle, and the procedure
can be used as an example of a practical technique and methodology
for other weapon systems.

Keywords—Caorrelation function, Density spectrum, Force of
shot, Vibration, Weapon system.

. INTRODUCTION

ANALYSES of mount and carriage vibrations of weapon
systems when burst-fired revealed that the cardinal
reason defending successful research in this area is not
sufficiently based on experimental tests in extreme conditions.
Successful management of complex questions regarding
measuring in these conditions exceeds the possibilities of a
single workplace such as the apparatus and know-how
published in measuring methodologies.

Pursuit of achievement of a high hit probability of air
targets in course of burst anti-aircraft firing leads to lowering
vibrations of the main parts of the tube weapon systems. The
main reason is that the other factors influencing fire precision
have much lower significance. For example, the surveillance
and target acquisition systems enable calculation of bearing
and elevation angles with errors of fewer than 2 mrad. The
errors of the hull, turret and elevation parts achieve 10 mrad
and more due to their vibrations in the vertical plane, see [1],
[2]. Then the knowledge of these parts movement when fire-
burst is consequential since the correction of aiming in course
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of gun fire facilitates an increase in the hit probability.
Otherwise, this value falls under 50% for a 500-meter target
range. There are three ways of determining weapon system
vibrations. One of them is the pure calculation method of the
main parts movement. The second technique is a purely
experimental investigation of the oscillations of the hull, turret
and elevation parts. The last technique is a combination of
both previous techniques combined while adding all of the
forces acting on the weapon. In [2], [3] dynamic models were
published, having eight DOF (degrees of freedom), see Fig. 1,
with the structure according to the Fig. 2.
M)

C: elevating parts

Fig. 1: Dynamic model

The elevating parts consist of an automatic weapon with a
recoiling barrel, a breech system, driving springs, other
mechanisms, and a cradle, see [4], [5]. The cradle together
with the turret is known as the supporting part of the mount.
The elevating parts enable the weapon to be aimed in a
vertical plane given by the elevation angle .. The turret is

connected to the hull by means of the azimuth bearing and
traversing mechanism.

The coordinates in the dynamic model are labeled as
follows:
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Where

Y\, — Vertical displacement of hull,

©® — angular displacement of hull,
X, — longitudinal displacement of turret,

y, — vertical displacement of turret,
vy, — angular displacement of turret,
Xz — longitudinal displacement of elevating parts,
Yy — vertical displacement of elevating parts,
o, — angular displacement of elevating parts.

All bodies are connected with reduced flexible bindings
indicated in Fig. 1 as k;.

elevating parts ~
| Dinh Xpo Ve» Qg
turret :
| <----1 Xy> Vys Vv
hull _
<---- Vio: 0

fixed system

Fig. 2: Weapon structure

Some input characteristics used in this study were set
experimentally on a real system. Moreover, behavior of parts
such as the cradle and turret during burst-firing was not known
beforehand. Their determination using experimental
procedures will be described in the following parts.

Il. PROBLEM FORMULATION

Fig. 3 shows the location of gauges used for identification
of the main parameters for the cradle and turret. The following
characteristics were measured on the weapon system:

> linear displacement of recoiling barrel x,,

forces acting onto carriage during burst-fire F_,
vertical acceleration of the board cradle a,; ,

linear displacements of the front, and rear of turret
with respect to the hull y,, Y, -

These parameters will be successively discussed in the
following chapters. The barrel recoil stroke was determined
using a W20 inductance gauge having a £20mm measuring
range. The HBM (Hottinger Baldwin Messtechnik, see
www.hbm.de), force transducers (strain gauges) located on the
weapon casing were electrically connected into the
Wheatstone bridge and after laboratory calibration, the forces

>
>
>
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acting from the weapon casing onto the board cradle were
found. The wvertical acceleration a,,of the cradle was
measured using a tensometric accelerometer BWH 401 with
5000 m-s? limited acceleration value. Next, the vertical
displacements of the turret vy, y,,, were determined with two
WS5 inductance gauges, having a £ 5 mm measuring range. As
only a simple analog tape recorder was available (with a
limited number of channels), two tape recorders were used to
record each signal after their amplification, see Fig. 4.

>_turret base

Fig. 3: Gauges location on weapon system
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Fig. 4: Measuring chain

From experience, the estimated maximum frequency of the
mechanical system was set at 300 Hz, and so a 615 Hz
sampling frequency was sufficient for the purpose of signal
digitalization. Before digitalization, the signals were filtered
by means of 8" order Butterworth low-frequency filters with

low-pass filters like: F ,a,, —300 Hz, Y,;,Y,,— 200 Hz,
X,— 120 Hz.

The raw reported results of the experiments without any
corrections are shown in Fig. 5 and Fig. 6. The graphs are
shifted in time, and they had to be adjusted to obtain the
correct values, mainly for turret motion. This adjustment was
done using correlation theory. The recording in the first
recorder was moved forward according to the lag time
between both recordings - caused by different tape speed and
by different start times of the tapes. Every shot is indicated by
a minimum value in the barrel recoil graph x, , and x,, .

Fig. 5 shows the recording of the barrel recoil during a six-
round burst. Fig. 6 shows the same motion recorded in the
second recorder, serving as a synchronizing signal. In
addition, the barrel recoil x, recording in the second recorder

was distorted after the third shot during its registering.
However, the beginning of this registration was clear and
corresponded to the first recording of x, . The correlation
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theory enabled setting of the lag time and to put all signals
into time alignment. This solution will be described in the
chapter dealing with turret vibration.
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Fig. 5: The first recorder signals
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Fig. 6: The second recorder signals

After Next View® software analysis, see [6], the results
were exported into Microsoft Excel® format or into ASCII
format and finally they were plotted in MATLAB® software.
Other options for analyses of the measured data are published
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in [7] — [9]. The selected sampling frequency provided a
maximum frequency of 307 Hz during determination of the
spectrum density using the following formula

2 .
Gxx(f):?'|xT(Jf)|21 (2
Where
X+ ( jf )— Fourier transform of signal,

T — length of signal, f — frequency, j — imaginary unit.
Both, the minimum length of signal T and the minimum
frequency in the signal spectrum f . are connected with

equation

T8 3)

fmin
This formula explains the fact that in the course of spectral
power density calculations a shift in the lowest frequencies
contained in the spectrum signal to higher frequencies can
occur.

I1l. ProBLEM SoLuTION

A. Forces acting onto mount

For automatic weapons held in any type of mount it is
necessary to know the forces acting on the different parts of
the weapon mount during firing. The effects of shot forces
depend on the type of automatic weapon when considering a
weapon with gas operated system, recoil system or blowback
system, see [10].

Neglecting the inertial and centrifugal forces exerted by the
elevation and traversing mechanisms on the mount, the
following forces act on the system during firing: the force of
shotF,, the weapon system weight G, the starting torque of

barrels group for Gatling type weapons M,,, see [11], and

[12]. When the barrel is fixed relative to the rest of the weapon
then all components attaching the weapon to the mount are
loaded by the above forces and transmit them to the mount.
Weapon weight and starting torque for Gatling guns have small
effect compared to the force of shot.

The force of shot is represented by vector acting in the
center of gravity of recoiling parts in parallel direction with a
barrel axis. Additionally, the dynamic couple F,-e, will be

applied to the mount, where e is the distance from recoiling
parts center of gravity of recoiling parts to the barrel axis.
Usually the dynamic couple can be neglected due to the small
value of the distance e.

The variation of the applied force with respect to time
depends on the force of shot, its damping and the type of
automatic system used. Maximum force of shot is very high
(250 kN for 30 mm cannon for example), and therefore the
barrels (or the whole weapon with fixed barrel) are designed
as recoiling. The force of shot defined in [1], [13] or [14] by
the following formula

Fo = PanS - F» (4)

where
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Py, i the pressure on the head of the barrel chamber in course

of the projectile movement in the barrel.

This force summarizes the forces on the head of the barrel
chamber, on the conical part of the barrel chamber and
resistances against the projectile motion acting in the opposite
direction to the recoil.

The bore area, which depends on the calibre, is:

S = %dz for the smooth bore and S = %dz +n-a-h for
the barrel with rifling, where:

d — calibre,

n — number of grooves,

a — width of groove,

h — depth of groove,

Pan— pressure on the chamber head.

The relationship between forces on the projectile and on the
bore area corresponding to the calibre in the chamber head is,
see [15], [16] or [17]

= Fy —qm ) (5)

where F,, =p,S is force on the projectile,

Paq— Pressure on the projectile head,
mq— projectile mass,
m,, — powder charge mass.

The barrel reaction to the resistances against projectile
movement is expressed with the following expression
F, = fF + R tane, (6)

-\ 2
where F, = (%) Fi, tana is total peripheral force,

i — radius of gyration of the projectile,

f — friction coefficient between the projectile and the internal
surface of the barrel,

a—rifling angle.

The force of shot is possible to set, see [18] as well, so that
this force equals the force on the barrel chamber head with 2%
accuracy. Then we can write the calculating formula as

F, = 0.98p,S. @

When the projectile exits the barrel, the force of shot can be
considered similar to a rocket engine, whose thrust is
determined from the following known expression, see [1],
[19], [20], and [21],

dm
I:H dtm W+ S(pu - pa)’ (8)

where

pu — pressure at the outlet area (muzzle) of the barrel during

after effect time,
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pa— atmospheric pressure,

mcu
ol gases mass flow,

w — gases exhaust velocity.

The gases mass flow is possible to determine from the
equations published in [1], [2], and [19].

After the projectile has left the barrel muzzle, the force of
shot increases as the resistances against projectile movement
do not exist and the outflow discharge of the gases from the
barrel is equipped with the muzzle brake. This fact is being
expressed by the impulse characteristic of a muzzle brake y ,

see for example [1], [10], [17], and [18].

One easy way of obtaining the outlet parameters is to use
approximation methods - mainly for preliminary design
calculations and for weapon systems evaluation. One example
is exponential approximation. This method uses the formula,
see [1], [22],

Py = Pr® ©)
Where
b= wvu m,,— time constant,

Hu
v, —muzzle velocity of the projectile,
F,, — magnitude of the force of shot when the projectile exits
the barrel, and the flow time is
7 =bln P

P
Then the force of the shot in a weapon using a muzzle brake
is
F, =x5p.

The force of shot of the 30 mm anti-aircraft (AA) cannon
used in this study is depicted in Fig. 7.
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Fig. 7: 30mm AA cannon force of shot

The decrease of force at 0.005 s is given by the muzzle
brake with a negative impulse characteristic. It causes braking
of recoiling masses at the beginning of the after effect period.
The end of the force of shot effect is after 40 milliseconds.
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The force of shot impulse 1, is defined according to the
equation

te
l, = [ Fudt. (10)
0
The impulse 1, changes the momentum of the recoiling
parts. The mount parts and the hull of the vehicle are loaded,
by means of a recoil mechanism or automatic system or shock
absorber, using the resultant axial force F_, while force

impulse 1. is equal to an impulse I, in duration of one

functional cycle.
The impulse of the resultant force is

<R
0

where
t.. —The time of one functional cycle between two shots.

(11)
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Fig. 8: 30 mm AA cannon force of shot impulse

An accurate knowledge of the total firing impulse 1, is
more important than accurate knowledge of the force F,
course and its maximum value F, . This is because most
modern weapon mounts are made to be as light as possible and
so have a low resonance frequency, in the range 10 — 30 Hz,
which is also the frequency of the human body.

In [1], [2], and [10] an explanation was given that
maximum movement of the weapon system, and thus the

applied stress, is proportional to the impulsel,, and is
minimally affected by the force F,. When firing a burst, the

situation is more complex. However, it can be shown, even for
this case, that the load applied to the system is proportional to
the average value of the total force loading the mount F_and

not to the maximum value of force F_and not to the maximum
value of force F,. Impulse of force of shot of a barrel I, is

supposed to be a primary impulse. Time course of a force
loading a mount F_ (t) depends not only on a shot impulse,

but also on its damping and on the type of automatic system
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used. The forces applied to the automatic weapon mount are
periodic in nature. The values of the force F _can be

determined by calculation or measurement as it is shown in
[3], [23], and [24]. Displacement transducers (for barrel
recoil), and strain gauges (for determining the time when the
projectile leaves the barrel) were used, see Fig. 9, Fig. 10. The
variation in firing force over a six-shot burst is shown in Fig.
5. It can be seen that the force transmitted to the mount had
maximum value for the first shot fired. For the second shot
there is a reduction in the firing force which is still further
reduced for the third shot. It is clear from the analysis that the
maximum force applied to the mount occurs at the instant that
the barrel is arrested and the breech carrier begins to act on the
buffer as shown in Fig. 12, a diagram of a functional weapon,
see [10].

\ Right side of weapon
\ Left side of weapon

Fig. 9: Position of gauges on 30 mm caliber AA cannon for
measuring forces

Detail

gauge moving part fixed part

Fig. 10: Position of gauges on 30 mm caliber AA cannon for
measuring

A functional diagram helps to explain the weapon operation
during one shot. Curve 1 represents barrel recoil, and curve 2
is breech carrier displacement. It is important to note that this
system is an example of a soft recoil system, where the barrel
is moving forward before shooting. The releasing barrel time
is at 100 ms after triggering of the breech carrier from its rear
position.

The spectral density variation of the firing force acting on
the mount is shown in Fig. 12. This shows that a basic
frequency of 7.6 Hz is given by the rate of fire. Frequencies in
the range of 15 Hz, 23 Hz and 30 Hz are higher harmonics,
and can belong to other weapon parts. For example 23 Hz is
contained in the turret vibration.
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Comparing two shots in Fig. 5 and Fig. 8, it is clear that the
courses of the forces are different mainly from the magnitude
point of view. The impulse of the force, acting on the mount
and calculated from recordings of the force F_in Fig. 5, is the

same as the impulse of the firing force, which allows quick
and simple calculations of the force applied to the mount to be
made. In Fig. 13 there is variation in impulses of the force F_

from Fig. 5 applied to the mount of a weapon when firing six-
round burst.
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Fig. 11: Functional diagram for 30mm AA cannon
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Fig. 12: 30 mm AA cannon spectrum of forces

The weapon is loaded during every shot with the average
value of the impulse 485 N-s calculated from six shots. The
difference in the impulses between calculations and the
experiments is being about 5 % of the force of shot during of
one functional cycle, see [24]. It corresponds to presumption
that accurate knowledge of the total impulse I is more

important than an accurate knowledge of the firing force F_,
and its maximum value F,

Lmax *
This is because most modern weapon mounts and carriages
are made to be light as possible.
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Fig. 13: Impulses of force acting on to mount

B. Cradle vibration

From the time flow of cradle vibration in Fig. 4, it is
possible to estimate that it has a wide spectrum and its
normalized correlation function is very narrow, see [9], [25],
and [26]. Fig. 13 and Fig. 14 confirm these prerequisites. The
basic statistical characteristics of cradle acceleration are mean
value = 0.51ms %, minimum value = —117 ms %, maximum
value = 131 m-s™%, standard deviation = 31 m-s 2, and median
=—2.29 m's % High values of acceleration most likely belong
to instant values of the acceleration of individual components
contained in the signal spectrum.
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1 \‘m ‘ | i
OO 5r0 160 150 200 250 3(50 350
f(Hz)

Fig. 14: Spectrum density of cradle acceleration
Other cradle kinematic parameters, which can be

determined, are absolute velocity and absolute displacement
with respect to the basic system displayed shown in Fig. 16,
and Fig. 17. The results were obtained after double integration
of the input acceleration displayed in Fig. 5.

It is necessary to note that they are absolute parameters with
respect to the Earth. The high values of displacement were
caused by vibration due to the turret limited stiffness of the
elevation gear, and by hull vibrations that acts as low-pass
filter on the whole system, see [2], [3] and [27].
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Fig. 15: Correlation function of cradle acceleration
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Fig. 16: Cradle vertical velocity
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Fig. 17: Cradle vertical displacement

Since only one sensor was used it was not possible to get
the angular motion of the elevation parts. Then the results
could be used for the estimation of the linear vibration of the
system after the end of firing. The last 100 samples were
inserted for the spectrum density calculation of the cradle
linear vibration. The result of the calculation is shown in Fig.
18.
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These results could be used for stiffness determination of
the model in Fig. 1, and for comparison of the frequencies
belonging to turret vibration. Frequencies around 18 Hz
belonged to linear vibration of the turret and frequencies
higher than 43 Hz belonged to the elevating parts (cradle).

C. Turret vibration

The cradle motions previously considered were absolute
motions; hence the motions were defined with respect to base
space, i.e. to the Earth. The turret motion was measured with
respect to the hull. Identically, for the linear turret
disappearing vibration we can proceed in the same way as in
the previous linear cradle vibration.

6 T T T T T

150 200 250
f (Hz)

100 300

Fig. 18: Cradle disappearing vibration

Although the graphs of turret linear displacement are
different in Fig. 5, Fig. 6, their significant similarity is clear
from their spectrums. Figures 19 and 20 are the evidence. The
frequency of 7.6 Hz is the rate of firing, and 22.7 Hz is most
likely the natural frequency of turret angular vibration, as it
will be shown further in Fig. 25. An important result is that we
can determine the angular stiffness of the turret elastic bearing
on the hull.

When the turret mass moment of inertia is known, with
respect to the transverse axis passing through the gravity
center |, , the turret angular stiffness is given as

2

k, =1v(27f,, ).

The linear stiffness of the turret elastic bearing on the hull

in the vertical direction is defined in a similar way by the
formula

2

k, =m,(27f, ).

Yv

The individual stiffness in the dynamic model can be set
according to the given DOF. In Fig. 1 the whole linear
stiffness in the vertical direction is
k = ky + K, .

Y

(1)

(12)

(13)

for example.

In Fig. 21 there is the disappearing turret linear vibration,
and the significant frequencies are near the frequencies
belonging to the cradle. Fig. 4 and Fig. 5 show that both
signals are time postponed due to time differences in recording
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of barrel recoil x, and x, , Y., and y,,. It is necessary to

put them into the same time relation. The correlation theory is

one of the best procedures how to do that. The maximum

value of the R,_, normalized cross-correlation function
7.%2,

betweenx, , and X, signals, stored in both recorders,
indicates time lags between the signals, see [7], [28]
Theray = Q'Y maX(Rle,xZ2 ) (14)

After insertion into (14), the time delay is 0.112s and it
corresponds to 69 postponed samples, see Fig. 22.
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Fig. 20: Turret spectrum of y,,

Then the angular displacement of the turret with respect to
the hull can be determined using the simple relation

Yoo — Yvz

Tv ) (15)

IS
where I is known distance between both turret sensors.

The time course of the angular turret vibration with respect
to the hull is shown in Fig. 23.
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Fig. 23: Angular turret vibration

A Dbetter interpretation of turret motion is given by
autocorrelation function and the spectral density of vibrations.
Figures 24 and 25 prove it. In the autocorrelation function, see
Fig. 24, there are distinct peaks belonging to individual shots.
It is also shown in Fig. 25, where the basic firing frequency is
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7.5 Hz as was explained before. The frequency 22.7 Hz is
likely the natural frequency of turret angular vibration.
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Fig. 24: Autocorrelation function of turret angular vibration
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Fig. 25: Turret angular vibration spectrum density

Fig. 25 clearly shows that the rate of fire is lower than
natural angular frequency of the turret since the turret motion
is able to follow the exciting force. It demonstrates the
frequency 22.76 Hz in Fig. 25. The maximal values of
angular displacement achieved about 1 mrad. The time course
affected the clearances in the turret seating, the elevating parts,
and the other parts of the weapon as well. All these clearances
were not possible to express because their sizes were not
known, and they changed in the course of use.

IV. CONCLUSION

The technical experiments described in this paper are the
ground of both the theory and the other investigated dynamics
problems of automatic weapon mounts. see [1], [3], [13], [20],
[24], and [29]. During preliminary design and testing of
weapon systems with automatic weapons we have to be
careful to tune the main parts according to Fig. 26. The
spectrums of the main parts of the weapon system have to be
placed among windows of the force spectrums F,_. Otherwise

resonance of the hull, the turret, and the elevating parts
(including the cradle, the elevating and traversing gears) can
occur. This is the reason why most weapon parts have
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additional masses connected with the oscillating parts in order
to prevent these undesirable movements.
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| hun

Fig. 26: Spectral density of exciting forces and main parts of
weapon systems
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