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Dynamics of shell conveyer with Maltese cross

Jiri Balla, Van Yen Duong, Zbynek Krist

Abstract—The paper deals with one weapon application of the> shell feeding device,
Maltese cross in the shell or cartridge conveyer using a hydraujiccase feeding device,
drive. Kinematics and dynamics of this mechanism is discussed. Tperamming device,
first model with one DOF and the second model having two DOF e yavice for removing of cartridge cases from the loading
worked out. Both models use mechanism with varying transmission

function. The equations describing the mechanical and hydraulic partSyStem’

are explained. » control system.

Keyvyords— Malt.ese Cross, Shell conveyer, .Hydraulic motgr |she" storage system
Transmission function, Mechanism with varying transmissiol -
function. conveyer ;srr:glls selection

arrangement
. INTRODUCTION box device
BEFOREthe shot it is necessary to load the cartridge into tt|  ¢antrol 1
cartridge chamber of the barrel. This loading influence|  system i
the rapidity of fire of guns and it is also one of the mos shell feeding
difficult operations, see [2], [3], [4], and [7]. This difficulty device
results mainly from: J\,L
> great weight and length of the artillery cartridges, ramming place
» great length of the displacement at the cartridge ramming, -
> necessity to ram the cartridge into the barrel by the veloci case ejection < Pl
ensuring the pressing of the shell ring into the forcing con ‘8""" = device
» compression of ejectors spring,
» storing of the ammunition far from the elevating parts, TT
» necessity of the short time of ramming, chzre%?cfseding
» complicated working condition of the crew at towed gun -

and especially for self-propelled guns. !

Therefore it is very difficult to ram the artillery cartridges conveyer -
into the barrel by hands of members of the gun crew and charge selection
mechanization is useful. || box arrangement

device

Let us explain main parts of the loading system for tr [charge storage system |
separated ammunition, because in comparison with the fixea
ammunition it is more complicated. Such a heavy gun loading Fig. 1 Loading system of heavy gun scheme

system in Fig. 1, see [4], [5], [11], [12], and [22], consists of: ) )
Two storage systems are used in the loading system for

» shell storage system, separate ammunition: for shells and for cases. Each system
» case storage system, includes the magazines (the box for shells and the box for
cases with propellant charge) and the conveyers (also for two
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fixation at its disposal. Individual beds are connected into tlesuations of motion of the main elements of the mechanism.
belt by means of chains. Their guiding is provided with rollerslany mechanisms in weapons rely on lever and cam
to decrease the resistance against the motion, see [7], and [22¢échanisms to control the relative movement of their
components. The shape of the control curve is of crucial
importance for the correct operation of the weapon, especially
between the main functional element (the driving element) and
the secondary element (the driven element). The high
velocities and accelerations of the driving element make it
necessary to avoid any sudden changes of motion of the driven
element. There is an instantaneous ratio of velocity between
the driving element and the driven element, which is called the
transmission ratio. The expression of dependence of the
change in transmission ratio with respect to the displacement
of the driving element is known as the transmission function.
The shape of this function describes the quality of the
mechanism. For continuous motion of the driven element and
to achieve a high rapidity or rate of fire it is necessary to
ensure that the transmission function is continuous and without
any sudden changes. The shape of the acceleration and
deceleration curves is particularly important. To avoid
impacts, high stresses and energy losses in the mechanism, it is
Fig. 2 Shell conveyer necessary to pay particular attention to transitions from an

acceleration phase to a deceleration phase or into a phase or

into a phase of uniform motion. The Maltese cross is a typical
11. PROBLEM FORMULATION example of these mechanisms. It ensures an intermittent
@otion in two phases.

stretching
device of

The drive consists of the MA-2 rotary hydraulic motor and th
gearbox connected with driven chains via chain wheels. T M 214 lg, 006
kinematical scheme is represented in Fig. 3, see [7], and [17
An emergency drive by hand (with angular velooity is

possible when the hydraulic drive does not operate. This sh
conveyer is interesting with an application of the Maltese cro
in the gearbox that represents a typical mechanism wi
varying transmission ratig, variable reduced mass moment o

inertia and variable static workload. It makes differen
behavior of the whole system with respect to the conveye
having the constant transmission. Varying transmission ratio
are used between driving and driven elements in the ott
mechanisms as are the crank mechanisms, slotted-li
mechanisms and the mechanisms in the automatic weapc
The varying transmissions reduce the accelerating a
decelerating forces. It is not possible to employ the commor
used equations of motion of the form “force = mass
acceleration”, and it is necessary to perform a reduction of t
forces and masses. Displacement, velocity, and acceleratior .
a point on the element of a mechanism can be determinedr: v
the equations of motion if the forces acting on the differer V'
elements are known. The reverse of this can be carried 1 S
whereby the forces acting on the different points of the
element can be determined from given values of velocity and Fig. 3 Kinematic scheme of shell conveyer

acceleration. Kinematic and dynamic analysis of the operatingThe Fig. 4 shows two positions of the Maltese cross - during

mechanism of a weapon part is not only used in the designmiiéshing and no meshing. The six-arm cross is connected with
the weapon part, but also as a method of understanding {he driver having two rollers meshing in the Maltese cross

function of the mechanism and to find the critical points in ig|ots.

The basic of design consists, especially when computer-aidedrhe kinematical relations in the Maltese cross are apparent
design is used, of the development and solution of the
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from scheme in Fig. 5.

The Maltese cross is being replaced to a slotted-link i =
mechanism, see [9], [18], and [20] in course of cross meshing

[,usina(l— /12)} |
(,u2 - 2y cosa + ])2

(4)

with a driver. The distance between the carrier rotation axis-rhe angular acceleration of the Maltese cross is hence
and the Maltese cross rotation axis is constant value and is the

length from the center roller meshing with the cross to the £ = L0+ dtiy,

driver axis rotation.

()

where ¢ is driver angular acceleration.
Then the velocity and acceleration of the shell conveyer

may be determined with respect to the total constant
transmission rati,, .,
Vconv = Ié c0n5¢ 1 (6)
and
e 2 .. p
a\:onv = |3(|c0ns¢J) all %cong ' (7)

where

@,, ¢,— angular velocity and angular acceleration of the
hydraulic motor.
2, -
1.8r 8
167 8
1.4r 8
= 12" ,
Fig. 5 Kinematics of Maltese cross scheme ks L
Then we can write the relation between angléthe driver = | |
turning) andg (the Maltese cross steering angle) there is
known as the control curve, Fig. 6 as well, 0.6 1
rsing o4 |
g8 =———. (1) oz ]
a-— rcosa
0 L
To achieve correct evaluation of the control curve and the © ! 2 o tad) 5 6
quality of the transmission function it is not only the continuity Fio. 6 Mal lar displ
and acceptability of the control curve in terms of its first order 9. altese cross angular displacement
derivative which is important, but also the second order
derivative, with respect to time and displacement, beclise i i
function of thea and of the time. 0.9r ]
The transmission ratio of Maltese cross, see Fig. 7, is 0.8f 1
ucosa — 1 0.7 1
|3 - 2 1 (2) 0.6+ 4
Mo —2ucosa + 1
where =, 05/ |
a 0.4 1
H=—.

r 0.3 1
Therefore the angular velocity of the Maltese cross is ol |
B=di, ® . |
where ¢ is driver angular velocity. '

The first derivation of the transmission ratio (4) is necessary % 1 2 3 4 5 6

to determine because the acceleration of the Maltese cross

depends on it as well, see next formulae (5) and Fig. 8,
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partl,,,. The variability of thel,,, mass moment of inertia is
caused with the variable transmission rgtio

Then after arrangements and putting outside brackete
can write (11) and plot in Fig. 9

IM :|Ml+i32| M2 - (11)

The mass moment of inertia is depending on it if the
conveyer is full or empty, see Fig. 9. Its value for full conveyer
is four times greater than the conveyer without the shells, for
example.

empty

a (rad) 0.02r
Fig. 8 The first derivative of transmission ratio function

After the kinematical analysis we can approach to the— 0015

dynamic solution of the drive. Rigidity and damping effectsg,
are small, so the equation of motion is described with thej2 0.01f
following formulae, see [19], [21], [25], [26], and [27]:

) 0.005
IM¢1 05¢1 d¢1 w —M; =M, (8)
where % 50 100 150 200
I, — reduced mass moment of inertia of the whole system, Py ()
@, — angular displacement of the hydraulic motor shaft, Fig. 9 Inertia mass moment of systgm
M, — driving torque After the first derivative with respect i, we get
M 1
Mz — reduced moment of workload, dl,, di,
. = 2l ol 3= 45, (12)
— damping moment. d¢1 d¢3
The mass moment of inertia of the whole system |sh
determined from the system kinetic energy, see [6], [8], [ 23\]\’ ere
and [24]: — constant transmission ratio between the Maltese cross and
the hydraulic motor shaft.
Ec =0.5f1,,, (9) The hydraulic motor driving torque is given, see [4], and
[24],
|1+|2£+|3g+|4ﬁ+|5£+ M :V_G(pl_p) (13)
o T T o M on 2)
I, = 10
M , (10) where
+ |6£ + |7ﬁ +1 Bﬁ £1 gﬁ +m Y V; — the geometrical volume of the hydraulic motor.
of o of o of The hydraulic equations for determining input and output
Where pressures can be introduced in a way following from the
I,— shaft mass moment of inertia with its gear wheel Ohlydrauhc circuit in Fig. 10, as well, see [7]:
wheels, dp, Q g ¢M Zn)
m — mass of chain with shells and beds for shells, i C , (14)
1

v,— chain velocity (i.e. conveyer velocity). Vv
The Maltese cross transmission ratio to the angular dp (i% -Q,-Zp)
2 —

displacement of the hydraulic motor shaft is written with e C ) (15)
2
formulaei, =% |t means that the mass moment of inertia |p p1|
) -
Ny . Q =sgn(ps ~ p ) —=—" (16)
I, can be divided onto the constant p&t and the variable R
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shaft. These values of hydraulic resistances have been

Q =sgn(p, - B, M (17) considered when the electro-hydraulic distributor is fully
R, closed. The opening time has been considered 40ms.
The parameters used in equations above are: Afterwards the hydraulic resistances have b&err 9.3-16°
Q,— input flow of hydraulic motor, Pa-&m® and R, = 2.45.1¢7 Pa-&ni®. The linear drop of the
Q,— output flow of hydraulic motor, hydraulic resistances has been chosen with respect to the

opening time of the electrohydraulic distributor.
Both hydraulic losse&,, Z,have been used in the same values

/ o . . _ o 1-10"% m’s'.Pa from experiences and comparing with
Vo — input liquid volume in the pipe, leading from distributor sjmijjar hydraulic motors.

C, = BV, — input hydraulic capacity,
C, = B V,, —output hydraulic capacity,

to hydraulic motor, The comparing calculations have been carried out using the
V,,— output liquid volume in the pipe, leading from hydraulidollowing input values of the hydraulic capacities, by way
motor to distributor, published for example in [4], and [7]:

B. - liquid volume compressibility factor set 6.841@®a’, C, =8-10*m’P&!, andC, = 6-10" m*-P&"

R — input hydraulic resistance The varying reduced moment of workload has been

R, output hydraulic resistance determined from the equation (20) which is plotted in Fig. 11

p,— Waste pressure taken 0.6 MPa, M, = F,frng;, (20)
pg — source pressure, given as where
P = 4.6+ 0.005siff 3at) [MPal]. (18) Fy,— the normal force in guiding from the weight or from the

all combat vehicle inclination [1],

f — friction coefficient in the conveyer guiding,

ro— Pitch diameter of the driving chain wheel,

i; — total transfer ratio from a conveyer to the hydraulic motor.
The friction force fF varies depending on the conveyer

loading from 100 N to 4250 N. The workload for the empty
and full conveyer depend not only on the normal force, see
(20), but on the friction coefficient depending on real working
conditions — if the guiding parts are clear or dusty and dirty,

see Fig. 11.
9
empty
. 8 ful ]
[ Ui |
6r ]
E 5 ]
Qg £
X _ o4 ,
~N ol ]
Fig. 10 Hydraulic drive of shell conveyer 2r 1
The source pressure has been considered stable on the 4.6Lr ]
MPa level, how it is supposed for the new hydraulic pump 0 ‘ ‘ /\
enabling to change both the pressure and the flow. It is an © 50 100 150 200
opposite case than it was calculated in [7]. Damping @ (ad)

coefficientby = 0.036 N-m-s-radhas been determined by the
measurement in the course of steady-state motion of the system
under off-load conditions, see [7]. The damping moment of the
system (reduced value) is

Mp = by . (19'?h ) . .

e time depending graphs have been obtained from the
The hydraulic resistance® (2.8-16° Pa-$m® and R, equations (8), and (12) — (20). The motion equation, the
(17.35.16? Pa-4m® have been chosen from measure@’essures equations and other algebraic equations have been
pressures and angular velocity of the hydraulic motor outpte!Ved Dy Runge-Kutta integration method. The initial

Fig. 11 Workload of system

I1l.  RESULTS OF CALCULATION
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conditions have been zero for input and output pressunesessurep, and the waste pressupgas it has been presented
p.. p, and for the initial angular velocity, and the initial on the real system.

angular displacemegt. The initial integration step has been 6X 10"
usedAt=0.0001 s.
The kinematical values, the conveyer displacemgpt the 5 i

conveyer velocityv,,,, and the conveyer acceleratiayy,,, are

displayed in Fig. 12. From this figure follows that the Maltese 4 .
cross enables the smooth rising of the velocity from zero to the-
maximum value and back. It means that the velocity iy

. o € 3 i
controlled by the mechanical transmission. e
. 0.2r 2t i
£
Z 0.1f i
38 1 1
x
0
0 3
0 L L L L L
< 0.2 0 05 1 15 2 25 3
£ ol | time (s)
z Fig. 14 Input flow in hydraulic motor
(o] 106
>U 0 L L L L L X
0 05 1 15 2 25 3 3 |
wg 0.5 g ) M
30 &
Z l’ 4
o]
S5 -05 ‘
0 05 1 15 2 25 3 0 ‘ : : ‘ :
time (s) 0 05 1 15 2 25 3
time (s
X 105 ©)

Fig. 12 Kinematic values of shell conveyer

The angular velocity of the hydraulic motor shaft represents
the Fig. 13 and it corresponds to the input flow of thef
hydraulic motor, see Fig. 14.

90

P,

0 L I I I L

80y, 0 0.5 1 15 2 25 3

time (s)

70

Fig. 15 Input and output pressures in hydraulic motor
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Fig. 13 Angular velocity of hydraulic motor

Its course depends on the system workload and it varies in the % 05 1 s 5 25 3
other way around than the input pressure and in the same ' “time (s) '

direction as the output pressure. Their curves are plotted in
Fig. 15 and the torque of motor in Fig. 16. When the conveyer _ _ _ _
is empty the pressures are smaller, the maximal value of thel he drive with the MA-2 hydraulic motor is able to operate
input pressure is approximately 2.0 MPa. Both pressurésa satisfactory manner with very variable workload without
depend on the instantaneous values of the sourd® special control elements, the PID controller for example.

The conventional throttle valve and electro-hydraulic

Fig. 16 Torque of hydraulic motor
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distributor ensure the drive functioning as it is shown in Figcan be used, see [10], [19], [24], and [28]. In the weapon
11. applications it was published in [2]. The first part solves the
. . .system from the hydraulic motor to the shaft having §meass

The second member on the left part in the motion equatl ment of inertia and the second part is from this to the rest of

(8) influences the behavior of the system mainly in the pgfio conveyer as it is explained in Fig. 3. The shafias been
where it has negative value. Then it accelerates the system gRgsen due to the stiffness of torsion is the least.

gives the additional energy for the conveyer. This member

signed as The equation for the first degree of freedom is
. di g, 1( dp, ) dlreq,
— 2 M 1 1 VvV — _ -
dir = 0.5, dg, (21) |releF +E[? Tl—MM Mp, “M1orz,  (22)
represents the Fig. 17 and it has quantity as torque. and for the second one is
25 : ‘
d’g
2r I redpy, _dtzz =M+orz=Mz-Myp,, (23)
1.5¢
1k where
05 I req,,, — reduced mass moment of inertia of tiiedegree of
E 0 freedom,
=2 . .
%/ 05 | req,, — reduced mass moment of inertia of the degree of
b freedom,
15 ¢,, w — angular displacement and angular velocity of the
ol motor shaft,
o5l @,, w, — angular displacement and angular velocity of the
- | | | | | flexible shaft,
A 05 1 15 2 25 3 G =il @ =ijjiw,
t. T
me ©) 9, =9, @ =,

Fig. 17 Member with derivative of inertia mass moment - 5
g k, — rigidity of shaft (N-m-rag),

The increase of the hydraulic capacities C, and the b, — damping factor in coupling (N-rif)s
hydraulic losseZ,, Z, generate the higher oscillates of theMTORZ - kt(¢5 - ¢ )

,5 ’
pressures pand p,at the beginning of the operation.M =h
o, =

Nevertheless the variable workload and reduced mass moment” (wa- CJS) ’ .

of inertia achieve quite high values, the used hydraulic mot(w p, ~ Same value as in (19).

MA-2 has sufficient the power reserve for the potentidn the (22) and (23) there were given the main input data
increase of the workload. according to the Table I.

TABLE |
MAIN INPUT DATA FOR TWODOF SYSTEM

IV. MODEL WITH TWO DEGREES OF FREEDOM

| Symbol Quantity Value
1" part 2" part —
_ of transmission  k, of transmiss)ion | redhy g}e;ise r}j‘olgnggt of inertia 0.00327 kg-m2
| N L _ YV Ve LAL <™ | workload | mass moment of inertia 0.000187 kg-rh
MA-2 3 > 3 Veony %V of the 1st DOF
W b s K, stiffness of shaft 58 000 N-m-fhd
Fig. 18 Flexible binding in dynamic model of shell conveyer b g;’;‘s”t‘é’ri:g coefficientin - 96 N-m-s-1

The measuring on the real system have shown that the
pressures and the angular velocities of the hydraulic mofor
have oscillating courses with respect to the calculated resultSrhe results of the main dynamic characteristics are

of the system with 1 DOF. These characteristics are possibleiQcanted in Fig. 19, Fig. 20, Fig. 21, and Fig. 22 where the

approach to the measuring values by an implementation of mﬁut flow, input and output pressure, torque and power are in

other degrees of freedom and fleible bindings. The MY draulic motor successively. The main differences are in the

problem for using of more degrees of freedom for mechanicaY A .
: i oscillating courses of calculated characteristics but the values
and hydraulic systems are to find the modeled values as age

stiffness, damping coefficients and sometimes mass momefi e,i th_(la_r;[ransmnt .act|on ZaZre san(*jle azssfor Fhe sg/stem with ;)ne
of inertia for more complicated bodies. If not the new applyinB ) e equations (22) and (23) give better results
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corresponding to the measurements on the real weapon during120
research project POV DELO No. OVUOFVT200901 as it was

published in [1], [2], [13], [14], [15], and [16] as well.
x 10"

8

Q)
<'.>
E 4
—
o
3
2
l L
0 L L L L L
0 05 1 15 2 25
time (s)
Fig. 19 Input flow in hydraulic motor
6
45520
35 P2

0 L I I I

0 0.5 1 15 2 25
time (s)

Fig. 20 Input and output pressures in hydraulic motor

15]

M,, (N.m)

0 05 1 15 2 25
time (s)

Fig. 21 Torque of hydraulic motor
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Fig. 22 Power of hydraulic motor

On the other hand the solution describes resultstwhre
satisfied comparing with the technical experiments in [13].
Mainly the beginning and the end of periods have to be
improved to obtain the momcurate results.

V.CONCLUSION

The results given in the figures reflect a good coincidence
with the real piece which was explored according to presented
theory. The theory has been verified on the Czech 152mm self-
propelled cannon-howitzer M77. The procedure used in this
article has been applied in the Czech research institutes and in
the University of Defense in Brno as additional teaching
material for students of weapons and ammunition branch. For
the change of input hydraulic parameters has been introduced
the new laboratory hydraulic source with possibility to vary
output pressure and output flow, see Fig. 23. This hydraulic
source has the sense loading system enabling to hold set
parameters before technical experiments.

Fig. 23 New hydraulic source
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