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1. Introduction

Filling machines are widely used in almost every
industry. Construction industry employs filling machines
for filling cement and various components. In agriculture
filling machines are used for dosing feed and fertilizers.
Food industry is exceptional for wide variety of applica-
tions of filling machines. Sugar, flour, spices and many
other products and ingredients are being dosed and filled
both manually and automatically during the production and
especially packaging of foods. Packaging technology and
technique is among the most powerful stimulus for devel-
opment of filling machines [1-3]. It promotes the necessity
for permanent increase of operation speed and dosing ac-
curacy [4-7]. Dry powdery materials make a big part of
products being dosed and packed through employment of
various types of filling machines. Volumetric filling ma-
chines are among the most popular [6]. This is because the
volumetric batchers feature high operating speed. However
their dosing accuracy is dependent on properties of materi-
al and not always complies with the requirements. There-
fore, besides the volumetric other types of filling machines
are widely used too, first of all weighing type [6-9]. These
can guarantee higher and more stable filling accuracy as
they are much less dependent on the material properties.
Furthermore, weighing machines allow for adjustment of
accuracy through setting the right operating speed. Weigh-
ing machines are easy to control, easy to integrate into au-
tomation systems, including sophisticated ones, e.g. self-
trained [5, 9, 10].

Working cycle of real weighing filling machine is
quite complex. In this paper the results of theoretical re-
search of weighing machine in operation shall be present-
ed. Research out based on specially developed mathemati-
cal model presented in previous paper [5] was carried. The
model covers all the dynamic processes, which may occur
during the real operation of weighing machine for dry
products. The sensitive element of the machine is regarded
as an elastic system with one degree of freedom. It is pre-
sumed that a body having variable mass is operating in this
elastic system [6-9]. This paper only presents some final
equations of the model and the simulation results in a form
of displacement curves of 10 different projects.

2. Structural scheme of the system containing weighing
filling machine

Weighing type filling machines can achieve high
dosing accuracy. However, investigation of the processes,
which influence the accuracy is not simple as the structure
of weighing filling machine is quite complex. All the com-
ponents comprising the machine affect the dosing accuracy
[2, 3,5-7,9] as well as their interaction due to dynamic
processes, which take place during the operation. A typical
structural scheme of the weighing filling machine is pre-
sented in [4, 5]. It should be noted that filing weighing
machine itself is mainly used as an integral part of entire
packaging system. Therefore its analysis should be carried
out taking into account the complexity and features of
whole packaging machine. Its especially important in case
of development of self-learning control systems.

11,02 | )38 |5
) ] v
7 lepl 4
3
6
9+8+11_'

Y
h 4
[
o

Fig. 1 Structural scheme of the system containing weighing
filling machine

A typical structural scheme of packaging system
with weighing filing machine (Fig. 1), contains: 1 -dry
materials; 2 - feeder; 3 - weighing mechanism; 4 - control
unit of weighing machine; 5-dose of dry materials;
6 - packing of dose; 7 - control system; 8 - packing mecha-
nism; 9 - packaging workpiece; 10 - control unit of pack-
aging machine; 11 - transfer mechanism; 12 - package with
dry product.
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The system works as follows. Feeder 2 feeds the
materials 1 to the weighing mechanism 3, signal from the
weighing mechanism 3 is transferred to the control unit of
weighing machine 4, which disables the feeder 2, when the
quantity of the product in weighing mechanism 2 equals
the asked value. At the same time the packing mechanism
8 takes a workpiece from the packaging stack 9 and pro-
duces the pack 6. The role of transfer mechanism 11 is to
guarantee the right positioning of package 6 against the
product 5 being fed. As a result we have a package filled
with dry product. Control unit 10 controls operation of
packaging machine. Control system 7 controls and adjusts
operation of the whole system. Weighing filling machine
combines several processes. These are: vibratory transport,
weight measurement, preparation, assessment and control
technology. All these processes need to be investigated
individually including the interaction between them. Vibra-
tory transport and vibratory processes are widely used
[11, 12]. The elastic systems are paid a lot of attention too
[13-15].

Working cycle of weighing filling machine com-
prises five stages [5]. First step is filling at increased
productivity rate. Step two is filling at low productivity
rate. Step three - suspension of filling (pause before dis-
charge). The fourth step is discharge of the product. Step
five - suspension of discharge (pause after discharge). Each
of these phases is associated with the characteristics of the
product, accuracy of dosing, dosing efficiency as well as
with other parameters of the system. Those are dosing rate,
the system sensitivity and working range, sensor type, the
influence of technological regimes, and others.

3. Mathematical model for describing the operation of
weighing filling machine for dry products

This article deals with a movement of sensitive
element at all five stages. As already mentioned, in this
case we deal with the system with one degree of freedom
and the attached body of variable mass.

First step. Filling at high productivity rate. Mass
of the product in the shovel increases by linear law
m=x;t. Where t is time, «; is constant coefficient (effi-

ciency of feeder at increased rate). The duration of opera-
tion of the feeder depends on the dose size to be set up at
this stage. The feeder working range in the first stage

te[0:t,], where t =4 /x; - duration of feeder work, re-

lated to the size of dose 1.
In the first step the body moves according to the
Egs. (1) and (2) [4, 5, 7, 12, 16-18].

x=a +gt/b +(t+rl)7n/2 X
X{ClJ n|:2xfb1(t+71):|+C2Y H[Z\/bl(t+71)]} (1)
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a, =(u +mg)/k—(x; +¢)x9/k’
3
b =k/x, 7 =m/ig, n=c/K, U =[2hg

where uy is the absolute velocity of joining particle [5], v is
the absolute velocity of shovel, dv/dt is the absolute ac-
celeration of the shovel, g is due to gravity acceleration.

With this assess it is possible to write differential equation,
which describes movement of the shovel. J, is the first
kind and Y, second kind of Bessel functions [16-18].

C, and C, are constants. The initial conditions of
movement t=0, x=e=mg/k, x=0.

n+l

Ci= An 1Y, (B) =7y (6-a)5 2 You(B) (&)
Com—Ac 2 3,(B)+nyb,(e—a ), 7 Joa(B) ()

where A=7zg/b,; B=2/bz, .

Second step. The second step is filling at low
productivity rate. The mass of the dosing product in the
shovel increases by linear law m=x,t. Where t is time,

K, is constant coefficient (efficiency of feeder at low rate).

The duration of work of the feeder depends on the dose
size to be set up at this stage. The feeder working range in

the second stage t e[0:t,], where t, = 11, /x, - duration of

the feeder work required to from a dose g, . It is necessary
assess the change mass of the shovel. At this stage reduced

mass of the shovel [12] m, =M +xt; +%m' where m,

is reduced mass of the shovel in the second step. In the
second step the body moves according to the Egs. (6) and
(7) [4,5,7,12, 16-18].

X=a,+gt/b, +(t+7,) " x
AN I s B
and
X=g/b2—\/5(t+rz)’n7ﬂx
<led a0 2B (trm) [+ o Va2t |

where u, is the absolute velocity of joining particle in the
second step, and

U]

a, = (U, +m,g)/k —(x;, +¢)x,9/k’ ©
b, =k/x,,7, =m,/x, N=c/x, u, =[2h,g

Clr and Cz’ are constants. The initial conditions of move-
ment are: t=0, x=X, X=X. Dimensions x,and x, are
displacement and speed of the shovel at the end of step one.
These values are derived from Egs. (1) and (2) when t =t,,
and
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Third step. The third step begins when filling is
suspended (pause before discharge). The shovel mass

makes 1 =t +1,t,. In third step te[0:t, ], here t; is

pause time.
In the third step the movement of the body is de-
scribed by Egs. (11), (12) or (14), (15) [4, 5, 12, 16-18]:
When @,>9:

x:g/k(ml+ﬂ)+Me“9t sin(a)t+N) (12)
X:—M.9e“9‘sin(a)t+N)+Ma)e“9tcos(a)t+N) (12)
where
29 =c/(m +u), wf =k/(m +p), & = &) +
M? =[x, —(mler)g/k]2 +
+{>’<2/a;+[xz—(ml+y)g/k]3/w}2 (13)
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When @, < 9:
x:(ml+y)g/k+e"9‘(M’e“’t+N’e””‘) (14)
x=M'(0- 9 —N'(w+9) ! (15)
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Dimensions X, and X, are accordingly displace-
ment and speed of the shovel at the end of the second stage
filing. These values are derived from Eqgs. (6) and (7) when
t=t,.

Fourth step. The fourth step is discharge of the
product. Mass of the dosing product in the shovel is falling
by linear law m=—-x,t. Here «, is constant coefficient
(efficiency of discharge). The duration of discharge de-
pends on the size of the dose = g4+, and is expressed

te[0:t,], where t, = u/x, is time needed to empty the

dose u.
In the fourth step the body moves according to the
Egs. (17) and (18) [4, 5, 7, 12, 16-18].

1+i

x=a,—gt/b,+(o-t)2 x
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here Zn(x)=cl"\]n(x)+cz"yn(x) (19)
where ¢, and C,” are constants, i = — .
K3
When

a, = gok, /k +(ml+y)g/k} (20)

b, =k/x;, o =(m +u)/x,
At the time, the movement of shovel in third
phase is described by the equation at t =t,. When o, > 9,
from formulas (11) and (12) follows that
Xg =(m, + 22)g/k + Me™™ sin(wt, + N) (21)
%, =-Mge 8 sin(ot, + N )+
+Maoe " cos(awty +N) (22)

When @, <9 from Egs. (14) and (15) follows
that

X, =(m, +p)g/k+e (M B”% + Ne ™t ) (23)
)'(3 =M f(w_g)e(w—g)ts -N r(w+3)e—(w+9)t3 (24)

Finally we get
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Fifth step. In the fifth step the discharge is sus-
pended (pause after discharge). In this case the body
moves according to the Eqgs. (27) and (28) or (30) and (31)
[4,5,12, 16-18].
If condition is that 2> @, the body moves ac-
cording to Eqgs. (27) and (28).

x=mg/k+Ae ® sin(pt+B) (27)

x=—ABe “ sin(pt+B)+Ape ® cos(pt+B) (28)

where 2=./k/m ; @=c/2m; p* =’ -O°, Aand B is



constant. When t =0, x=x,, X=X,, receive
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When we have condition 2 <@, the body moves
according to the Egs. (30) and (31).

x=m,g/k+ A" L e (PO (30)
x=A(p-0k" " —B(p+o)k o (31)
where p®>=@° -, A’and B’ are constants.
When t=0, x=x,, X=X,, itis obtained
A =%/2p+(1/2+6/2p)x, ~m,g/k) } 32)
B,:_X4/2p+(]/2_@/2p)(x4 _mlg/k)
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Dimensions x, and X, are the displacement and

speed of the shovel at the moment when step four ends.
These values are derived from Eqgs. (17) and (18) when
t, = p/K;.

This mathematical model describes the weight
batcher operation at various working conditions and can be
used for theoretical considerations at various development
stages of dosing process and the batcher itself in order to
eliminate its critical elements and find the right setup of
the system.

4. Results

The developed mathematical model was used to
analyse and compare the behaviour and efficiency of se-
veral projects, which are basically of the same setup, but
differ in dimensions, mass as well as operational parame-
ters: travel, speed, acceleration, productivity, etc. The sen-
sitive element of weight batcher is regarded as elastic sys-
tem with one degree of freedom. Performance of the sys-
tem has been analysed based on displacement curves of the
shovel. Project details can be found in Table. Results of
mathematical modelling are shown in Figs. 2-11.

Table
Projects details of weighing filling machine
details

K, m,, K Koy C, Ky Ky, K3, h,

project N/m kg kg kg Ns/m kg/s kgls kg/s m
project 1 2000 0.1 0.126 0.024 0 0.2 0.1 0.08 0.01
project 2 2000 0.145 0.126 0.024 0 0.2 0.1 0.08 0.01
project 3 2000 0.1 0.126 0.012 0 0.2 0.05 0.08 0.01
project 4 2000 0.1 0.126 0.024 0 0.2 0.1 0.08 0.05
project 5 2000 0.1 0.126 0.024 0.1 0.2 0.1 0.08 0.01
project 6 4000 0.1 0.126 0.024 0 0.2 0.1 0.08 0.01
project 7 2000 0.1 0.126 0.024 0 0.2 0.1 0.2 0.01
project 8 2000 0.063 0.126 0.024 0 0.2 0.1 0.3 0.01
project 9 2000 0.1 0.222 0.018 0 0.35 0.075 0.3 0.01
project 10 2000 0.1 0.222 0.018 0.2 0.35 0.075 0.3 0.1

The results of mathematical modelling of the pro-
jects have been compared and influence from various de-
sign and process parameters investigated without deep
guantitative analysis. Presented curves show that both de-
sign and process parameters change the nature and size of
movement. The obtained results clearly show the need for
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Fig. 2 Displacement curve, project 1

further research. Detailed analysis should be carried out in
order to assess the affect each of the parameters could ma-
ke and how this would influence the process of dosing,
productivity and accuracy, etc. This information is essen-
tial for establishing optimal filling procedure setup and a

proper design of weighing filling machine.
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5. Conclusions

In the article a typical structural layout diagram
and the mathematical model of operation of filling system
with weighing type batcher is presented. Sensitive element
of weight batcher is regarded as an elastic system with one
degree of freedom, operating together with the variable
mass body attached to it. The mathematical model de-
scribes operation of weight batcher throughout its full
working cycle, covering all five stages: stage one- filling at
increased productivity, stage two- filling at low productivi-
ty, stage three — suspension of filling (pause before dis-
charge), stage four — discharge of product and stage five-
suspension of discharge (pause after discharge). The model
incorporates all key elements affecting performance of the
batcher and is fit for theoretical analysis of machine operation,
influenced by various design and process factors. Analysis
results representing for ten projects is presented.

Structural scheme of the system with weighing
filling machine for dry products is analyzed. Sensitive
element of weighing filling machine is regarded as elastic
system with one degree of freedom, on which the variable
mass body operates. Mathematical model for describing
the operation of the weighing filling machine for dry prod-
ucts is shown. Working cycle of weight batcher consists of
five stages. Step one is filling at increased productivity.
Step two is filling at low productivity (accurate filling).
The third — is suspension of filling (pause before dischar-
ge). Step four is discharge of product. Step five — the dis-
charge is suspended (pause after discharge).

The model describes operation of the batcher at
various working conditions and can be used for theoretical
considerations at various development stages of dosing
process and the batcher itself in order to eliminate its criti-
cal elements and find the right setup of the system. Several
projects are compared. The modelling results, representing
curves of body displacement, are presented. The curves
show that both the design and process parameters have an
influence and change the nature and size of movement.

The obtained results show the need for further re-
search. Detailed analysis is to carried out in order to assess
the affect each of the parameters makes and how this
would influence the process of dosing, productivity and
accuracy, etc.
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K. Bendoraitis, L. Paulauskas, A. Lebedys, S. Paulauskas,
E. Milcius

BIRIUJU PRODUKTU SVORINIO DOZATORIAUS
DARBO MATEMATINIS MODELIS

Reziumé

Straipsnyje pateikta biriyjy produkty pakavimo
sistemos su svoriniu dozatoriumi tipiné struktiirine schema
ir dozavimo proceso matematinis modelis, kaip vieno lais-
vés laipsnio tampri sistema, kurig veikia kintamos maseés
kinas. Pateiktas svorinio dozatoriaus darbo per visg cikla
matematinis modelis. Svorinio dozatoriaus darbo cikla
sudaro penki etapai. Pirmasis etapas — tai produkto tieki-
mas didesniu naSumu, antrasis — produkto tickimas mazu
naSumu, treciasis — produkto tiekimo sustabdymas (pauzé
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pries i$pylimg), ketvirtasis — produkto i8pylimas, penktasis
— produkto i$pylimo sustabdymas (pauzé po ispylimo). Sis
svorinio dozatoriaus darbo matematinis modelis leidzia
teoriskai nagrinéti dozatoriaus darbo procesg ir dozatoriaus
schemos bei konstrukcijos ypatumus. Straipsnyje pateikta
deSimties svoriniy dozatoriy darbo lyginamoji analizé. Pa-
teiktos Siy projekty kauSo judéjimo trajektorijos visuose
penkiuose etapuose, sudaranéiuose svorinio dozatoriaus
darbo ciklg. Atliktas tyrimas rodo, jog kauso judéjimo tra-
jektorija ir jos dydis priklauso ir nuo svorinio dozatoriaus
techniniy parametry, ir nuo dozavimo proceso technologi-
niy rezimy. Gauti rezultatai rodo, jog reikalingi testiniai
tyrimai. Bitina detaliai istirti, kaip Kiekvienas techninis ir
technologinis parametras veikia dozavimo process.

K.Bendoraitis, L.Paulauskas, A.Lebedys, S.Paulauskas,
E.MilCius

MATHEMATICAL SIMULATION OF OPERATION OF
THE WEIGHING TYPE FILLING MACHINE FOR DRY
PRODUCTS

Summary

In the article a typical structural layout diagram
and the mathematical model of operation of filling system
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with weighing type batcher is presented. Sensitive element
of weight batcher is regarded as an elastic system with one
degree of freedom, operating together with the variable
mass body attached to it. The mathematical model de-
scribes operation of weight batcher throughout its full
working cycle, covering all five stages: stage one - filling
at increased productivity, stage two - filling at low produc-
tivity, stage three — suspension of filling (pause before dis-
charge), stage four- discharge of product and stage five - sus-
pension of discharge (pause after discharge). The model in-
corporates all key elements affecting performance of batcher
and is fit for theoretical analysis of machine operation, influ-
enced by various design and process factors. Analysis results
representing comparison of shovel displacement curves
throughout the working cycle for ten different projects of
batchers are presented. The curves show that both the de-
sign and process parameters have influence and change the
nature and size of movement. The results indicate the need
for further research. Detailed analysis is to be carried out in
order to assess the affect each of the parameters makes and
how this would influence the entire dosing process.

Keywords: packing, weight dosing, mathematical model.
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