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This paper presents the results of modeling, simulation and experimental research of the bulk material flow
on the electromagnetic vibratory feeder (EVF). The model of the EVF was implemented in Simulink/Matlab and
verified in the experimental research. It has been experimentally confirmed that the bulk material flow rate has its
maximal value as far as excitation frequency is equal to the EVF mechanical resonant frequency. For certain bulk
material flow rate, average value of excitation coil current of EVF has minimal value when named frequencies are
equal. In addition to modeling of the EVF, the main contribution of this paper is implementation of flow control
algorithm of bulk material on EVF, experimental verification of the adopted model and defines parameters that
enable the selection of energy-efficient operating point of the EVE.

Key words: Actuator, Power Converter, Electromagnetic excitation, Frequency, PWM, Vibratory feeder, Flow
control

Modeliranje i upravljanje tokom rasutog materijala na elektromagnetskoj vibrirajucoj hranilici. U ovom
radu su predstavljeni rezultati modeliranja, simulacije i eksperimentalnog istraZivanja toka rasutog materijala na
elektromagnetskoj vibrirajucoj hranilici (EVF). Model EVF-a je implementiran u Simulinku/Matlabu i eksperi-
mentalno provjeren. Eksperimentalno je potvrdeno da brzina toka rasutog materijala ima maksimalnu vrijednost
dok je uzbudna frekvencija jednaka mehanickoj rezonantnoj frekvenciji EVF-a. Za odredene brzine tokova rasutog
materijala, srednja vrijednost uzbudne struje zavojnice EVF-a ima minimalnu vrijednost u trenutku kada su nazivne
frekvencije jednake. Uz model EVF-a glavni doprinosi ovog rada su implementacija algoritma za upravljanje tokom
rasutog materijala na EVF-u, eksperimentalna potvrda razvijenog modela i definiranje parametara koji omogucuju
izbor energetski efikasne radne tocke EVF-a.

Kljucne rijeci: Aktuator, Energetski pretvara¢, Elektromagnetska pobuda, Frekvencija, PWM, Vibracijska hranil-

ica, Upravljanje tokom

1 INTRODUCTION

Vibratory feeders with electromagnetic excitation are
used in the industry of bulk and particulate materials pro-
cessing (conveying, dosing, screening, etc.). The essential
parts of the typical electromagnetic vibratory feeder (EVF)
are: foundation with supporting base, elastic mounted hor-
izontal or inclined trough for conveying of bulk or par-
ticulate material and electromechanical driving device i.e.
electromagnetic vibratory actuator (EVA). The material is
placed on the vibratory through. The principle of the ma-
terial conveying is based on the micro-throw or sliding of
material particle, depending on the value of the vertical
component of vibratory acceleration acting on the particles
[1-4].

The conveying rate of material is determinated by the
excitation frequency and vibratory width (double vibratory
amplitude) of vibrating trough. The excitation frequency is
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in the frequency range 5 Hz - 150 Hz and vibratory width
is in the range 0.1 mm — 20 mm, for most of particulate
and granular materials [1], [5-6].

A very important component in the EVF is the EVA. By
its essence, the EVA is usually represented as an electro-
magnetic generator of mechanical force. This mechanical
force is proportional to the square of the EVA current. If
the excitation current (i.e. EVA current) has pulsed nature,
then the corresponding electromagnetic force will also be
pulsed. Application of electromagnetic vibratory drive in
combination with switching power converter provides flex-
ibility during operation. In other words, in this way it is
possible to adjust the frequency of driving electromagnetic
forces, as well as its duration and amplitude. In this way,
the whole conveying system with EVF has a behavior of
the controllable mechanical oscillator [7-12].

On the other hand electromagnetic drives offer easy
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and simple control of the gravimetric flow of conveying
materials. In comparison to all other mechanical drive ac-
tuators (inertial, eccentric, centrifugal, etc.), electromag-
netic drives have a simpler construction and they are com-
pact, robust and reliable in operation. The absence of me-
chanical part wear, such as with gears, cams belts, bear-
ings, eccentrics or motors, makes electromagnetic vibra-
tory conveyors and EVF most economical equipment [10-
12]. The elastic elements of EVF are made from composite
leaf springs which are subject to very high dynamic strain
and they are the most critical element of the vibratory con-
veying device from the standpoint of safety and reliability
[13-15].

From the standpoint of energy efficiency in industrial
applications resonant EVF drives are of particular inter-
est. The selection of stiffness of composite leaf springs
for the predefined mass of conveying material, affects the
mechanical resonant frequency. Operation in the mechani-
cal resonance is favourable from the energy point of view,
since it requires minimal energy consumption. In this case
finite, but limiting values of the oscillation amplitude can
be obtained for relatively small energy of excitation. The
limitation of amplitude oscillations is provided by ade-
quate amplitude control, while the searching and tracking
of resonant frequency are provided by adequate frequency
control. So, this concept implies the using the regulated
EVF drives in which implement amplitude-frequency con-
trol. Regulated resonant EVF drive additionally provides
the highest energy efficiency: minimum value of EVA coil
current, minimum EVA coil heating, minimum power con-
sumption [7-9] and improves input power factor of whole
regulated EVF drive [16].

The study [7] showed that the sensitivity of the EVF
to disturbances in the form of rapid change of the mass
of transferred bulk material can be significantly reduced
by introducing feedback and use of proportional-integral
(PI) controller. In the particular application, the consid-
ered thyristor (i.e. SCR) drive is with amplitude control
and there is no possibility of adjusting the frequency. The
operating frequency is fixed on the value of S0Hz.

References [10], [12] discuss the structures of high per-
formance feedback controllers for EVF. The EVA is driven
by the switching circuit with pulse width as control vari-
able. The controller structure consists of a PI controller
combined with the state observer. The controlled vari-
ables are the resonant frequency and vibration amplitude
obtained in real time from the state observer. Use of the
state observer allows fast disturbance rejection and refer-
ence tracking in both directions (amplitude increase and
decrease).

Although references [7], [10] and [12] provide a com-
prehensive and significant practical and scientific contri-
bution, they do not treat the problem of bulk material flow.

937

Therefore, in this paper we have tried to clarify certain is-
sues, particularly those related to the dynamics of the bulk
material which is transported along the vibrating trough of
EVE.

The main contribution of this paper is to determine the
impact of the frequency and average value of EVA coil cur-
rent (i.e. frequency of excitation force) of the EVF on the
bulk material flow rate.

For this reason a comprehensive Matlab/Simulink
model of the EVF system has been developed including the
bulk material conveyance model, and simulation results are
compared with those obtained on the experimentally real-
ized laboratory setup. Achievement of this investigation
contributes to future research of the EVE.

An experimental setup has been designed for research
of the bulk material flow on the EVF. Based on the model
of digital control unit, the mathematical model of the EVF
and the approximate mathematical model of the relative
movement of bulk material in relation to the vibrating
trough, has been implemented along with the EVF model
in Simulink/Matlab. This model represents an additional
and significant contribution to the scientific study of the
EVE

For the purpose of recording frequency characteristics
of the EVF, the springs had been changed so that the fre-
quency characteristics were recorded for three cases of
EVF mechanical resonant frequencies. The bulk material
flow rate and the average value of EVA coil current of the
EVF have been measured for many different values of the
coil current frequency, in order to provide experimental
verification of the adopted EVF model.

The additional significance of the proposed work re-
lates to the fact that the vibration problem is also present
in many other areas and it is the subject of various studies.
One example is the technology of repairing the disc chip-
per and the balancing process of the disc chipper in its own
bearings [18].

2 MATHEMATICAL MODEL OF VIBRATORY
FEEDER LOADED WITH TRANSPORTING
MATERIAL

Block diagram of the mathematical model of EVF is
presented in Fig. 1.

Input parametersM [kg], A[%)] and f [H z] represent
mass of material that flow from inlet hopper during one
period of mechanical oscillation, excitation power param-
eter and excitation frequency of the solenoid, respectively.
Excitation power parameter (A [%)]) is a parameter that rep-
resents the percentage of maximum power which could be
forwarded to the solenoid coil and it is proportional to the
average value of the coil current (I, [mA]). The control
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unit controls the operation of the energy converter that gen-
erates a PWM voltage waveform. Variable p represents a
displacement of the moving armature core in a horizontal
plane.

The power converter is asymmetrical half-bridge and
operates on the principle of PWM. A typical waveform
and schematic diagram of the power converter are shown
in Fig. 2 and Fig. 3.

In the above case, triangular signals (signal 1 and signal
4) are used as reference signal and carrier signal, respec-
tively. By comparing these two signals the corresponding
PWM signal is obtained which controls the operation of
the switch Q1 and Q2. These two switches are driving si-
multaneously. While these switches are closed, the voltage
of EVA is equal +Vs, and consequently the EVA coil cur-
rent (i) increases. With the opening of the switches, diodes
D1 and D2 become conductive, the voltage on the EVA
coil is equal —Vs and consequently decreasing of EVA coil
current. The EVA coil current signal is presented by the
signal 2.

Mechanical part of the EVF, including EVA can be
mathematically presented by the differential equations
[12].

The second-order model of the mechanical part is used
here . .
p —|—2§w0p—|—w§ (p—po) = prgfc €))

where p, <, wo, po, K, and f. denote the measured dis-
placement of trough with respect to the unmoving support,
the damping factor, the resonant frequency, the equilibrium
position of trough, the static gain, and the force, respec-
tively. Mechanical force f, is produced by the electromag-
net.

Detailed model of EVA, presented in [12], can be rep-
resented in the form:

di. OL(p) dp o
L(p)'dt+<ap'dt+Rc>'lc—u (2)
_ 1 9L)
fomg gt )

where R, represents active resistance and L(p) inductance

of EVA coil: Do
[ = Lo - 4
(p) 0" » @

The dependence of the coil inductance with respect to
the air-gap width is shown on the Fig. 4. Inductance values
shown in the figure, are obtained by experimental measure-
ments.

Quantities ., v and Lq represent EVA current, EVA
voltage and inductance of EVA coil when the armature is
passing through the equilibrium position, i.e. whenp = py,
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respectively. The bronze disk with sufficient thickness
doesn’t permit inductor to form a complete magnetic cir-
cuit between moving core and stator iron; in other words,
it inhibits “gluing” of armature and inductor, which is un-
desirable. In practical cases d << po needs to be satisfied.

The envelope detector is an electronic circuit that takes
a high-frequency signal as input and provides an output
which is the envelope of the original signal. The simplest
form of envelope detector is the diode detector, i.e. a diode
between the input and output of a circuit, connected to a
resistor and capacitor in parallel from the output of the cir-
cuit to the ground. The capacitor in the circuit stores up
charge on the rising edge, and releases it slowly through
the resistor when the signal falls. The diode in series recti-
fies the incoming signal, allowing current flow only when
the positive input terminal is at a higher potential than the
negative input terminal. If the resistor and capacitor are
correctly chosen, the output of this circuit should approx-
imate a voltage-shifted version of the original signal. A
simple filter can then be applied to filter out the DC com-
ponent. In this case, the output from the envelope detector
is the amplitude of oscillation of the solenoid plunger (P).

Based on the value of the parameter P, the velocity of
the material flowing through the vibrating trough is calcu-
lated. The model of the relative movement of bulk material
in relation to the vibrating trough is shown in [17]. Princi-
pal diagram of the linear vibratory conveyor including its
external driving is shown in Fig. 5. Mechanical force f,
from (1) is horizontal component of the resulting excitation
forces which act on the trough.

The transition from sliding to hopping happens as soon
as the condition w? Ptga sinwt — g > 0, with g being the
gravitational constant, is fulfilled.

During sliding phase the corresponding equation of
motion is determined by

G 4pp i = WP, sinwt — psgn(i)g ©)

with )

Py = P[1 + psgn(z)tgal (6)
where 11 and pp denote the dynamic friction coefficients
for solid and viscous-like friction forces, respectively.

Collisions between the granular block and the trough
are generally inelastic. The velocity of the granular block
after the collision is given by

&= e &(t;) (7)
Y=—e,Y(t;) (8)

where the subscript 7 reflects the corresponding values
right at the impact. The restitution coefficients €; and ¢,
can take arbitrary values from O to 1.
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Fig. 1. Block diagram of the mathematical model of EVF
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Fig. 2. Waveforms of the characteristic control signal of
the switching power converter

The free flight phase starts at the lift-off time ¢; deter-
mined by w?Ptgasinwt; — g = 0 and the equations of
motion in the co-moving frame are then given by

mZ = mw?Psinwt
my = mw?Ptgasinwt — mg

®

Calculation of material flow through the vibrating
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Fig. 3. Schematic diagram of asymmetrical half-bridge
switching power converters and PWM pulse generation

trough is done based on the velocity of the bulk material
via the vibrating trough v (t) = .

For the purpose of modeling of the movement of mate-
rial from the inlet hopper to the vibrating trough here are
used the following symbols: Q; — the flow of material from
the inlet hopper, adjusted using a shutter; v(#) — velocity of
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Fig. 4. The dependence of the inductance coil of the air-
gap width

Fig. 5. Principal diagram of the linear vibratory conveyor
including its external driving

the bulk material via the vibrating trough; a — trough width;
h(t) — height level of the material in the trough directly be-
low the shutter; H — maximum height level of the material
in the trough directly below the shutter; p — density of the
bulk material; 7 — Period of mechanical oscillation; S —
cross-sectional area of the shutter.

The maximum mass of material that can come out of
the inlet hopper during one period of mechanical oscilla-
tion is:

My=Q-T (10)
The velocity of material from the hopper is given as:
Q1
= - 11
U1 S p (11

The flow of material via the vibrating trough is given
by the equation:

. T
Oy = LTP/ h(t) - o(t) - dt (12)
0

The actual value of height level of the material in the
vibrating trough, directly below the shutter, is given by the
following relation:

H, for v(t) < v
h(t) = (13)

My
a~p~f0Tv(t)~dt’ fOT‘ v (t) > Ver
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where v, represents the minimum value of v (¢) for which
the condition Qo = Q1is fulfilled.

Equation (13) shows that the level of the material, di-
rectly below the shutter, has a constant value while the con-
dition v (t) < v, is fulfilled. The increase in velocity of
the material in the trough over the critical value v, causes
a decrease of level of the material directly below the shut-
ter. This decrease in the level of the material is due to
the limitations of the material flow through the vibrating
trough. The maximum possible value of the flow of mate-
rial through the vibrating trough is Q1.

It is assumed that the flow of material is the same at
the beginning and at the end of the vibrating trough. By
observation it was determined that the trough level of the
material is decreasing linearly along the trough, for v(t) <
ver. Based on this assumption, it is ignored what happens
to the material along the vibrating trough, and accordingly
the flow of the material is determined to flow value which
is directly below the shutter.

In the previous consideration, the bulk material was
then observed as portion to be transported during one pe-
riod of oscillation.

For v (t) < v, the level of material, directly below
the shutter, is constant and it is equal H. During one pe-
riod of mechanical oscillation, the flow of bulk material
from the hopper compensates the portion of material that
is transported to the end of the vibrating trough. Based on
other known values the flow of the material via the vibrat-
ing trough is calculated.

For v (t) > v, the material moves under the shutter,
but in that case the flow of material fills this space only to
a certain level. In particular, this volume should be filled
by material that comes from the hopper, i.e. material mass
M. Height level of the material directly below the shut-
ter is calculated according to (13). Based on these values,
the average value of the material velocity and other known
parameters is used to calculate the material flow.

The simulation model requires specific parameters for
each type of bulk material and provides the possibility of
investigation of the influence of external disturbances to
the system.

3 SIMULATION RESULTS

This section presents the results obtained by the simula-
tion model, based on the mathematical model of vibratory
feeder loaded with transporting material presented in the
previous section. The simulation model of EVF is cre-
ated in Simulink/Matlab. Block diagram of the simulation
model of EVF is identical to the model presented in Fig. 1.

The basic mechanical parameters of the simulation are:
my - mass of the moving part of the vibratory conveyor, k.
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- total stiffness of the elastic elements, and b, - damping of
the system. On the basis of these parameters the mechan-
ical parameters of the system which appear in the model
are calculated: static gain - K, = 1/k. and damping fac-
tor £ = be/2myowp. There are three case of stiffness
of the elastic elements: 215.379925 N/mm, 138.89565
N/mm and 97.5220135 N/mm. These springs correspond
to the following triplets ( fy,, K, §): ( 64.2 Hz, 0.00464
mm/N, 0.027), (51.5 Hz, 0.00721 mm/N, 0.01674) and
(43.2 Hz, 0.01025 mm/N, 0.04), respectively. The real
electrical parameters of the simulation are: R, = 81.5Q
- active resistance of EVA coil, Ly = 2.72H - inductance
of EVA coil, and V; = 400V - power supply voltage. The
real value of the mechanical parameters of the simulation
are:pg = 2.5mm,d = 0.5mm,p = 800K g/m3,a = 5cm,
@1 = 0.058K g/ sec and H = 16mm.

Figures 6-8 show the dependence of the bulk material
flow and average value of the EVA current in depend of the
EVA current frequency (f). Simulations were performed
for the following values of f,,,: 64.2 Hz, 51.5 Hz and 43.2
Hz. Mathematical model refers to EVF with an excitation
frequency equal to the mechanical resonant frequency. For
this reason, flow characteristics are valid only for excita-
tion frequencies that are near the resonant frequency.

The maximum bulk material flow rate is achieved, if the
EVA current frequency is equal to f,,,.. For other values of
the EVA current frequency, there is a significant increase of
the bulk material flow rate only iff = k~! f,,,,., fork € N.

60 600
= 5' =
Ea-] -~ 500
5 40 E 400 T
;_ 30 - i E
D20 200 =
10 100
a0+ 1
a 0 40 60 a0 100

F [Ha]

Fig. 6. Flow characteristic depending on frequency and
average value of the EVA current, fmr = 64.2 Hz, A = 70
%, simulation

Figures 9-11 show some of typical time diagrams of
displacement of the trough and the EVA current, for the
following values of mechanical resonant frequency f,,:
43.2 Hz, 51.5 Hz and 64.2 Hz, respectively. The channel
(1) shows the displacementp (¢). The channel (2) shows
the coil current i.. (¢).

4 DESCRIPTION OF EXPERIMENTAL SETUP

The vibratory feeder has been designed in order to de-
termine correlation of bulk material flow with respect to
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Fig. 8. Flow characteristic depending on frequency and
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%, simulation

CH1: 0.5 mm/div
CH2: 0.2 A/div a)

CH1: 0.2 mm/div
CH2: 0.1 A/div 6)

Time: 10 ms/div Time: 5 ms/div

Fig. 9. Time diagram of displacement (CHI) and the EVA
current (CH2), finr =43.2 Hz. (a)-f=20 Hz, (b)- f=43.2
Hz

CH1: 1 mm/div
CH2: 0.2 Ardiv 6)

CH1: 0.5 mmidiv Time: 5 ms/div

CH2: 0.2 A/div a)

Time: 10 ms/div

Fig. 10. Time diagram of displacement (CHI) and the EVA
current (CH2), fin = 51.5 Hz. (a)- f= 24 Hz, (b)- f= 51
Hz.

oscillation frequency and average value of the excitation
coil current. The main objective of this experimental re-
search is experimental verification of the adopted model
and it also defines the parameters that enable the selection
of energy-efficient operating point of the EVF.

The block diagram of this experimental setup is shown
on Fig. 12.
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Fig. 11. Time diagram of displacement (CH1) and the EVA
current (CH2), fn = 64.2 Hz. (a)- f =32 Hz, (b)- f = 64
Hz.

Table 1. The ratio of parameter A [%] and average value
of the EVA coil current

fmr = 43.2 Hz fmr =51.5 Hz fmr = 64.2 Hz
Al %] Ic[mA] A[%] | Ic[mA] A [%] Ic[mA]
10 90 10 80 10 70

20 120 20 110 30 120

30 150 30 140 50 170

40 190 40 170 70 230

50 225 50 210 90 290

This system has the following elements: (1)-digital
control unit (DCU), (2)-inlet hopper, (3)- shutter to adjust
the mass flow of material from the inlet hopper (4)- vibrat-
ing trough, (5)-acceleration sensor mounted on the base
plate of the vibrating trough (6)- EVA, (7)- displacement
sensor of the trough, (8)-laminated composite springs, (9)-
force sensor of the weighed material, (10)- damping elastic
elements, (11)- base of EVEF, (12)- current sensor and (13)-
oscilloscope for the tests.

The digital control unit (DCU) uses signals from sen-
sors for monitoring of amplitude and frequency of oscilla-
tion. In addition to this, main function of DCU is to control
the power converter operation, by using reference values of
an excitation frequency and excitation power. Data entry is
performed via integrated keyboard and overall operation is
monitored by using a liquid-crystal-display (LCD). Exci-
tation power (A[%]) is a parameter that represents the per-
centage of maximal power which could be forwarded to
the EVA coil and it is proportional to the average value of
the EVA excitation current (I.[mA]).

The ratio of parameter A[%] and average value of the
EVA coil current (I.[mA]) is shown in Table 1, for three
characteristic values of mechanical resonant frequency of
the EVF (fynr).

The ratio of parameter A [%] and the amplitude of os-
cillations P[mm)] is shown in Fig. 13, for three characteris-
tic values of the mechanical resonant frequency.

The base of EVF is made from solid block, in order to
support the transferring of vibrations from actuator to the
trough. Those vibrations induce the flow of granular ma-
terial. Transfer of vibrations from EVF to the environment
is reduced using damping-elastic elements. The construc-
tion allows an elastic foundation of the vibrating trough to

AUTOMATIKA 57(2016) 4, 936-947

the base of EVF. The proposed construction permits mon-
tage of the hopper above of vibrating trough. Displacement
sensor is externally mounted near the armature of EVA, as
shown in Fig. 1.

The carrier of composite springs represents a support-
ing point for inductor of EVA.

The springs are made of fiberglass. Within the setup kit
there are four pairs of springs, which have different thick-
nesses. The combination of these springs is used to adjust
the coefficient of elasticity of the equivalent spring in order
to adjust the mechanical resonant frequency of EVFE. These
elastic elements of EVF are subject to very high dynamic
strain and they are the most critical element of the device
from the standpoint of reliability [14].

The inlet hopper makes possible a gravimetric flow of
an input granular material. The flow of the material from
the hopper can be adjusted using a shutter. Diameter of the
shutter is 3 . The hopper volume is about 2 liters.

The acceleration sensor (P/N 123-215) is attached to
the base of vibrating trough.

The displacement sensor (TURCK NI10-M18-LiU) is
mechanically fastened to the base. The signal at the out-
put of this sensor is proportional of relatively displacement
between the armature EVA and base of EVF (p), as shown
in Figure 12. The maximum displacement of the trough is
mechanically limited to value of 3 mm.

The average value of the coil current is measured by
the digital multimeter. The current sensor with optical iso-
lation is used for monitoring actual EVA current, and addi-
tionally using the conventional digital storage oscilloscope
(GDS-1052-U).

5 EXPERIMENTAL RESULTS

Before the start of the recording of the characteristics,
frequency excitation is equal to the mechanical resonance
and the value of the parameter A[%] is increased until the
flow of material from the channel exceeds the inflow of ma-
terial from the hopper. When recording the flow character-
istics, value of the parameter A[%] has not been changed.
Since the lab kit has three different pairs of spring elas-
ticity, it is possible to record the flow characteristics of
three cases of mechanical resonance. As these frequencies
cover the area of application of the most common feeders,
based on the obtained characteristics it is possible to per-
form general conclusions relating to this type of feeders.

Figures 14-19 graphically represent experimental re-
sults. Figures 14-16 show the dependence of the flow of
bulk material and average value of the EVA current from
the frequency of the EVA current pulses, for the following
values of f,,,,: 64.2 Hz, 51.5 Hz and 43.2 Hz, respectively.
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Fig. 12. Block diagram of the experimental setup
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Fig. 13. The ratio of parameter A [%] and the amplitude
of oscillations P[mm]

Within the time interval between two current pulses,
feeder naturally oscillates. These oscillations are damped
and their frequency represents the mechanical resonant fre-
quency of the feeder. The largest material flow is achieved
for frequency of the current pulses which is equal to the
mechanical resonant frequency of the feeder or a whole
number of times less than the resonant frequency. For other
values of frequency of the current pulses, material flow is
significantly lower as a result of the energy consumption
of electrical impulses to overcome the energy that is stored
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Fig. 14. Flow characteristic depending on frequency and
average value of the EVA current, fy,, = 64.2 Hz
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Fig. 15. Flow characteristic depending on frequency and
average value of the EVA current, f,, = 51.5 Hz

in the springs of the feeder. It is concluded that, in order to
achieve maximum material flow, frequency current pulses
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Fig. 16. Flow characteristic depending on frequency and
average value of the EVA current, fy,, = 43.2 Hz

should be adjusted to excite the natural oscillations of the
feeder.

Figures 17-19 show some of typical time diagrams of
displacement of the trough and the EVA current, for the
following values of f,,: 43.2 Hz, 51.5 Hz and 64.2 Hz,
respectively. On the channel (1) shows the signal obtained
from the movement sensor. The channel (2) shows the sig-
nal obtained from the current sensor.

CHI: lmm/div
CHZ: 0.312A/dv ®

CHI: 0. 5mm/div
CHZ 03124/ c5)

Time: lllnskiv Time: lllnskiv
Fig. 17. Time diagram of displacement (CH1) and the EVA

current (CH2), fyr =43.2 Hz. (a)- f= 20 Hz, (b)-f=43.2
Hz

CHI: Immidiv
CHZ 0312A/dv ()

CHI: 2 Smmlidiv “Time: 25msichy
CHZ: 0.625A/d (2)

Fig. 18. Time diagram of displacement (CH1 ) and the EVA
current (CH2), frr = 51.5 Hz. (a)- f = 24 Hz, (b)- f = 51
Hz.

It was observed that with an increase in the frequency
of the current pulses leads to reduction in the average value
of current and to a reduction of displacement of the vibrat-
ing trough in the horizontal plane.

The excitation of EVA with current pulses whose fre-
quency is an integer times lower than the resonant fre-
quency of the feeder can provide feed rate as when the EVA
is energized by current pulses whose frequency is equal to

AUTOMATIKA 57(2016) 4, 936-947
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Fig. 19. Time diagram of displacement (CHI) and the EVA
current (CH2), finr = 64.2 Hz. (a)- f= 32 Hz, (b)- f = 64
Hz.

the mechanical resonant frequency of the feeder, but with
a higher energy consumption and with greater mechanical
stress of springs.

If the EVA is energized with current pulses whose
frequency is equal to the mechanical resonant frequency
of the feeder, the maximum material flow is obtained
with minimal energy consumption and minimal mechani-
cal stress of springs (minimal displacement of the vibrating
trough in the horizontal plane).

The above figures are obtained for excitation current
pulses obtained by applying PWM voltage modulation,
whereas the high-frequency noise in current is the conse-
quence of PWM power converter operation.

6 COMPARISONS OF SIMULATION AND EX-
PERIMENTAL RESULTS

The obtained simulation and experimental results con-
firm that the model adopted by the EVF is acceptable if the
EVA is excited with current pulses whose frequency close
to the mechanical resonance of the EVF.

Comparing Figs. 6-8 to Figs. 14-16, respectively, con-
cludes that the approximate model of the EVF has a satis-
factory response for the EVA current frequency above the
first sub-resonant frequency. Considering that the model-
ing was carried out for a system with EVA energized with
current pulses whose frequency is equal to the mechanical
resonant frequency of the feeder, there are certain differ-
ences between simulation and experimental results for sub-
resonant frequency excitation. Bearing in mind that the
scope of the excitation frequency, which is used in prac-
tice, is near the resonant frequency, these differences are
acceptable, and do not affect the resonance-frequency op-
eration of the feeder.

Flow characteristics show saturation for increasing
flows of bulk material, and for excitation frequencies near
to the mechanical resonance frequency. This saturation is
due to relatively large value of the parameter A [%] i.e.
relatively large average value of the EVA current, due to
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which the bulk material flow reaches its maximum value
equal to the flow of material from the inlet hopper.

Provided that critical velocities v,-are not reached two
EVF devices with different mechanical resonant frequen-
cies whose excitation frequency are equal to their mechani-
cal resonances, will achieve the same flow rate if EVF with
lower mechanical resonant frequency achieves greater dis-
placement of the trough. In the case when critical veloci-
ties are reached further increasing the value of the param-
eter A[%] causes an increase in the mean value of the ex-
citation currents, and thus the increase in displacement of
troughs, but there is no increase in flow rate. The mean
value of the excitation current at which a critical velocity
of material in the vibrating trough is reached represents a
limit current value at which the EVF goes to flow satu-
ration. Figure 18 shows a timing diagram of the EVF in
which the excitation current is greater than the limit value,
so the displacement is larger than in Fig. 17, which repre-
sents the time diagram of the EVF with lower mechanical
resonant frequency. This may be considered as an addi-
tional contribution, because the critical velocity of material
in the vibrating trough and the limit value of excitation cur-
rent is not considered in the cited literature. Defining these
values enables the selection of energy-efficient operating
point of the EVF.

7 CONCLUSIONS

This paper presents the results of an experimental re-
search of the bulk material flow rate and average value of
excitation coil current of electromagnetic vibratory feeder
in dependence on the frequency of the excitation coil cur-
rent of EVF. In addition to modeling of the EVF, the main
contribution of this paper is implementation of flow control
algorithm of bulk material on EVF, experimental verifica-
tion of the adopted model and defining of parameters that
enable the selection of energy-efficient operating point of
the EVE.

In comparison to the cited literature, which considers
only certain subsystems of the EVF, this paper has experi-
mentally verified the proposed model of the entire resonant
EVF in Simulink/Matlab and defines the critical velocity
of the material in the vibrating trough and the excitation
current limit value. These defined parameters enable the
selection of energy-efficient operating point of the EVF. In
other words, in energy-efficient operating point of the EVF
excitation frequency is equal to the mechanical resonant
frequency of the EVF and velocity of the material through
the vibrating trough is equal to critical velocityv,.,.. Find-
ing this point is important for the use the EVF in systems
with feedback.

It has been experimentally confirmed that the bulk ma-
terial flow rate has its maximum value as far as excita-
tion frequency is equal to the EVF mechanical resonant

945

frequency f,,-. It is the global maximum of the bulk ma-
terial flow rate. Local maximum of the bulk material flow
rate is achieved if coil current frequency is integer num-
ber of times smaller then the EVF mechanical resonant
frequency f,,,, (sub-resonant frequency). This is due to
the tendency of the system to oscillate on the resonant fre-
quency. For certain bulk material flow rate, average value
of excitation coil current of EVF has minimal value when
excitation frequency is equal to mechanical resonant fre-
quency. In this case the EVF is the most energy efficient.

Most of the EVF is designed for continuous operation
over relatively long time intervals. In the case of EVF with
lower mechanical resonance, to achieve the maximum flow
of materials, it is necessary to provide a larger shift of the
vibrating trough in a horizontal plane. In this way, the
springs are exposed to high mechanical stresses, so selec-
tion of a material for springs is of particular importance.
Springs used in this study are made of fiberglass and they
have given satisfactory results.

Since the adopted simulation model is designed based
on the mathematical model of the EVF whose excitation
frequency is equal to the mechanical resonant frequency of
the EVF, the obtained results represent experimental veri-
fication of the adopted simulation model. Adopted model
of the EVF has a satisfactory response for the EVA current
frequency above the first sub-resonant frequency. This fre-
quency area is determined as area of validity of the adopted
simulation model.

Additionally increasing of the flow rate should be
achieved by generating electrical impulses in the moments
of passing the trough by the equilibrium position, in other
words by introduction a feedback per phase of the EVA
current pulses. In this way, the input energy would not
be consumed to overcome the accumulated energy in the
springs.

In modern EVF finding the resonant frequency is done
by changing frequency excitation from the smallest to the
largest value in a given range and measuring the displace-
ment of the vibrating trough. The algorithm is designed so
that the search scope stops when it finds the first maximum
displacement. This research has shown that the maximum
displacement can be local, which corresponds to a sub-
resonant frequency of the excitation, or global, which cor-
responds to the resonant frequency of the excitation. Since
the mechanical resonance depends on the coefficient of
elasticity of the elastic elements and of the total weight of
cargo that relies on them, algorithms for finding the reso-
nant frequency should be designed such that it does not in-
clude the sub-resonant frequency. If the coefficient of elas-
ticity of the springs and the expected weight of the cargo
are known, this requirement is not difficult to achieve.

AUTOMATIKA 57(2016) 4, 936-947
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