NEPETBOPEHHS ITAPAMETPIB EJJEKTPUYHOI EHEPTTi
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The paper deals with the investigation of vibratory device electromagnetic drive system energy characteristics. By
means of numerical simulation of electromechanical processes, the values of the electromagnetic vibrator efficiency,
the frequency converter efficiency and the resulting efficiency of the drive system were calculated for the different val-
ues of the output power and the current frequency. The optimal frequency, providing the maximum efficiency, was de-
termined. It was found, that an electromagnetic drive with an automatic control system provides a higher efficiency
than an unbalanced one. The theoretical results were confirmed by the results of the experiments.
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Introduction. Vibration devices are widely used in industry for many processes, such as vibratory
compaction of concrete mixtures, vibrational transportation, separation, etc. [7]. Among the known types of
vibratory drives the most promising is an electromagnetic one, which has advantages, such as high reliability,
long operating life, high energy efficiency when operating in near-resonance mode, easy control of vibration
amplitude, the ability to generate vibrations at frequencies above 100 Hz [6]. The frequency and amplitude of
the vibration device oscillations should firstly satisfy the requirements of the technological process and sec-
ondly, the vibration frequency should be close to the resonant one, to minimize energy consumption. Since the
mechanical properties of the processed material can change over time, to support the near-resonant mode at a
fixed vibration frequency, it is necessary to use elements with adjustable stiffness or mass, which significantly
complicates the device design and increases its price. But in most cases the technological process allows to
change the frequency of the forced oscillations in a certain range, which makes it possible to support the near-
resonant mode by its regulation [3]. For example, to provide high quality of concrete products the vibration
frequency during their processing should be in the range of 65 — 85 Hz [12]. In this case, it is expedient to
choose the spring stiffness of the vibrator so that the device resonant frequency will be 75 Hz at a nominal mass
of the product, and when changing the mass — to adjust vibration frequency tracking the changing frequency of
the resonance within the predetermined frequency range. Thus it is possible to provide the vibration device
work in the mode of the highest energy efficiency without having to change its mechanical properties.

In many works, including [3, 7], the authors approve, that the most energy-efficient mode takes place
at the resonant frequency. This statement is based on the fact, that in the resonant mode to create a certain
vibration amplitude the smallest amplitude of the electromagnetic force is required. But the calculations of
the vibratory device electromagnetic drive system energy efficiency at different values of the oscillation fre-
quency and the load are not made in any known work. Therefore, today it is not known what efficiency value
can be achieved by configuring the system to resonance, and how it will change at the deviation of the vibra-
tion frequency from the resonant one. This information is needed for the synthesis of the control system.

The aim of the work is to obtain the energy characteristics of vibratory device electromagnetic drive
system at a variation of oscillation frequency and the load, as well as to determine the optimal frequency,
providing the maximum efficiency.

Equations of electromagnetic drive system energy losses. Energy efficiency of a drive system is
defined as the product of the efficiencies of its constituent units: the converter, the motor and the gear [8].
There is no a gear in the electromagnetic drive system [7], so

""l = Pout /Pm = nconvnmot > (1)
where P;, — is the active power consumption from the electrical network; P,,, — is the output (mechanical)
power, which is transmitted to the oscillation system of the vibration device; M., and n,,,, — are efficiencies
of the frequency converter and the electromagnetic vibrator, which acts as a motor of the drive system.

Efficiency of the frequency converter

ncnnv zljel /I)m = I)el (Pel +P +I)r +an >_1 H (2)
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where P, — is the active electric power, consumed by the vibrator; P,.., P, and P;,, — are power losses in the
rectifier, reactor and inverter.

The active electric power, consumed by the vibrator
t+T, I

Py = [y, 3)
T, |
where u, I — is the instantaneous values of the voltage across the vibrator coil and of the current in it; 7; — is
the period of the first harmonic component of the current.
Power losses in the inverter are defined as the sum of the static and dynamic power losses in the
transistors and the inverter diodes [9]

U, f 1
Pinv = 2](1\/ '[;’—Z.WZM(EM + onf + Erec) +§(UCE + UIF)j > 4)

st~ st

where [, — is the average value of the inverter output current module; U, — is the average value of the in-
verter input voltage; fppa, — is the frequency of the pulse width modulation (PWM) signal; E,,, E,zand E,.. —
are turn-on, turn-off and diode reverse recovery energy losses at the standard voltage and current values Uy,
and [, which are given in the datasheet; Ucr — is the switched-on transistor forward voltage drop; Uy —
the forward voltage drop across the inverter diode. When receiving the equation (4), there was made the as-
sumption, that the average current, flowing through the inverter diodes, is approximately equal to the average
current, flowing through the transistors.

The average value of the inverter output current module
+ TI

= j |[1()[dt . )

The losses in the rectifier and reactor are usually small, so to determine them the approximate formu-

las can be used Pt =2Urpl 0 P=R-(I},+1,,/2), 6,7)

r in.1

where Ugr — is the forward voltage drop on the rectifier diode; 7,9 and [;, ; — are the constant component and
the amplitude of the 1-st harmonic of the rectifier output current; R, — is the active resistance of the reactor.
The value of [,y can be approximately defined as the ratio of the active power at the rectifier output to the

average rectified voltage U,ecrav:

zn 0~ ( B’nv)/Urect.av . (8)

The value of 7;,; is determined depending on the required ratio of input current ripple when working
out the reactor [5].
The efficiency of the electromagnetic vibrator

n _ Pout _ Pout (9)
mot — - ’
Pel Pout+PCu+PFe+Pvpr

where Pc¢,, Pr. and Py, — are the power losses in the copper, steel and springs.

Power losses in the steel are defined as the sum of the hysteresis losses Ph and eddy current losses P, . [1]
1 t+Ty t+Ty (

Pr, =B, +P = j (Ih )thdt ec:—

o )ZR dt, (10,11)
where I, I.., R, and R, . — are referred to the 0011 of the vibrator: magnetomotlve force (MMEF), which causes
the reactive component of the magnetization, MMF of eddy currents, fictitious resistance, that characterizes
hysteresis losses, and the equivalent resistance of the eddy currents flow circuits. Considering the small value
of the energy losses in the steel (further it will be shown, that in the nominal mode, they account for about
3% of the total losses in the electromagnetic drive system), it is not necessary to identify them with high pre-
cision, therefore it is possible to make their rough calculation.

The resistance R}, is a function of the frequency and is determined according to [1].

The voltage on the coil is shaped by PWM, so the losses P, . include the losses from the low fre-
quency /. - ..rand high frequency I:C‘ nr components of the eddy currents

Poe=Foerr +Focnrs (12)
1 ; 1 ;
e cLF = _[ ( ec.LF (Z))Z Re.c.LF dt 5 Pe.c.HF = T_ _[ (]e.c.HF (t))z Re.c.HF dt > (13, 14)
I t I ¢
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where R,y and R, .- — are the equivalent eddy current loop resistances for the low and high frequencies.
The R, ., value is determined by the simulation so that at a standard frequency and amplitude of the magnetic
induction eddy current losses calculated by (13) correspond to the reference data given for the same conditions
considering cutting factor [10]. The resistance R, .- can be defined through R oir considering demagnetiza-
tion action of eddy currents and the relationship of the cutting factors for high and low frequencies

‘ R,..pk
R _ “tec.LF “c.LF , 15
e.c.HF é kc,HF ( )
where & — is the relative decrease of energy losses in the steel from eddy currents caused by their demagnet-
izing action [11]; k., and k. yr — are the cutting factors for low and high frequencies.

If the resistances R, ;- ¥ R, .y are known, the components of eddy current losses can be found ap-
proximately by using the dynamic model of electromagnetic processes in the electromagnetic vibrator, pro-
posed in [1]. To do this, it is necessary to apply a sinusoidal voltage with the frequency w, = 1/7; to the mo-
del input and define P, .,r by the formula (13), and then — to apply square wave with PWM frequency and
determine P, . yr by the formula (14).

14T, 1/2
RMS current Louss :[T,'l [ (1)) dt} . (16)

Since the high-frequency component of the current in the coil can be neglected, the copper losses
will be determined only by the low-frequency component
Pr, =Rl (17)
where R — the active resistance of the vibrator coil.
1

Power losses in the springs Py, = EbW(DZX 2 (18)

where by, — is the springs viscous friction coefficient; ® and X — are the frequency and the amplitude of the
electromagnet armature and core relative vibration.

To investigate the energy characteristics it is necessary to simulate the vibration device stationary
oscillations for different values of the output power and the vibration frequency. The relationship between
the electromagnetic force F' and the relative movement x can be defined by the equation

d*x dx
+b—+cex(t)=F (), 19
P () =F(@) (19)

where ¢ — is the vibrator spring stiffness; m = ccof — is the equivalent mass, which determines the resonant

m

frequency ®,; b — is the equivalent viscous friction coefficient, which determines the mechanical power
2P
p., 032;?2 —bgp - (20)

The instantaneous value of the air gap J be-
tween the armature and the core is determined by its
initial value 6, and instantaneous value of the rela-
tive movement x

O(t) =98y —x(1). 2n

Thus, for modeling of stationary oscilla-
tions, any multimass system can be converted into
an equivalent single-mass one, for which the equa-
tion (19) can be applied.

Energy efficiency calculation. By means
of the electromagnetic vibratory drive dynamic
model, described in [1], taking into account equa-

Fig. 1 tions (1)—(21), the functions n(w) were calculated

for different values of the load at a fixed vibration

amplitude (Fig. 1). Since the continuous operation at the output power, exceeding the nominal one P,, is un-
acceptable, the corresponding graphs are shown in dotted lines.

The functions n(®) show, that the maximum efficiency corresponds to the resonant frequency only in
the mode, close to idle. Under load (when the processed material consumes energy) maximum efficiency is in

n b:

0.75F,
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the near-resonant region at a frequency below the resonant one (Fig. 1). This can be explained by analyzing the
timing diagrams of the electromagnetic force F, the air gap 6 and the current / for the frequencies 0.95®, and w,
(Fig. 2). Here we can see, that at the frequency 0.95w, electromagnetic force amplitude is greater, than at the
resonance, but the phase difference between the movement x and the force F is less. That's why the maximum
force at the frequency 0.95w, takes place when 6 =1 mm, and at the resonant frequency it takes place when
o = 1.5 mm. With the less gap size, the greater value of the electromagnetic force can be obtained at the lower
MMF. This explains the lower RMS current and the higher efficiency at the near-resonant frequency, which is
less than a resonant one.

©=0.950, o= o Diagrams (Fig.

— / \ N 2) also show, that the
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quency 0.96w,. If the
maximum efficiency is accepted as an optimization criterion, then this frequency can be considered optimal
for the nominal mode. When the load is different from the nominal, the values of the optimal frequency
will also be others. A plot of the considered vibratory drive system optimum frequency depending on the

output power is shown in Figure 3, a.

The vibratory drive frequency control is carried out by applying the required value of the phase dif-
ference y between the fundamental harmonic components of the vibratory movement and electromagnetic
force to the input of the phase-locked loop system [2]. To provide the optimal frequency ,, is necessary to
set the corresponding to it optimum phase difference v,,, which can be defined using the function
VYopd Poud Py), shown in the Figure 3, b. This function was obtained by means of numerical simulation.

The obtained functions (Fig. 3) can be used not only to control the frequency of vibration, but also to
control the resonant frequency at a fixed frequency of the forced oscillations.

For the considered electromagnetic drive system, providing the optimal frequency enables to obtain energy
characteristics, shown in Table 1. The results show, that the efficiency of the electromagnetic vibrator 1,,, is
significantly higher than the efficiency of similar power induction motors used in unbalanced vibratory drives.
Moreover, at the load, close to the nominal, the excess is about 10%, and at 0.25 of the nominal it reaches 35%.

This is due to the higher RMS current for the same active power. In spite of this, the resulting effi-
ciency of the electromagnetic vibratory drive system is significantly higher than of the unbalanced one.

Experimental research. The scheme of experimental stand is shown in Fig. 4. It includes a vibra-
tory conveyor, automatic control system (ACS), data collection system (DCS), personal computer (PC) and
the sensors: two accelerometers (A), current sensor (CS) and voltage sensor (VS). The vibratory conveyor is
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Table 1 composed of three movable masses elastically

PPy 0.25 0.5 0.75 1 1.25 1.5 coupled: the working body, intermediate plat-

n 0.641 | 0.697 | 0.721 | 0.724 | 0.674 | 0.479 | form and dynamic absorber. The core of the

Neonv 0.866 | 0.898 | 0.913 | 0.922 | 0.925 | 0.927 | electromagnetic vibrator is rigidly secured to

Nimor 0.740 | 0.776 | 0.789 | 0.786 | 0.728 | 0.516 | the intermediate platform, and the anchor — to
62.5 125 | 187.5 | 250 | 312.5 | 375 | the working body. The dynamic absorber acts

N
Py, W_ | 12.25 | 16.65 | 1998 | 23.16 | 29.34 | 4599 | 5 4 resonator, and it also reduces the amplitude
W _|0.784 | 1441 | 2.088 | 2.768 | 3.718 | 6.262 | fhe intermediate platform oscillations.

P, W 0.072 | 0.243 | 0.511 | 0.898 | 1.620 | 4.595 During the experiment the sinusoidal

PouW | 16.18 | 30.1 | 43.84 | 61.6 | 109.5 | 3438 ;
PuW | 0235 | 0447 | 0639 | 0.793 | 0962 | 1131 | Yoltage with the frequency of 21.7 Hz, formed

P W | 0237 | 0443 | 0.624 | 0782 | 0.977 | 1151 by the PWM signal, was applied to the vibrator

P 'HF w1 14 14 14 14 14 14 coil from the ACS output. Under the influence

Ps})r W 1 3761 | 3.632 | 3520 | 3.587 | 3.799 | 3.822 | of the alternate electromagnetic force, the vibra-

tory conveyor working body with the crushed
crushed rock movement direction rock vibrated with the frequency of 43.4 Hz (the
doubled current frequency) and with the ampli-
\ tude of 1 mm, the value of which was automati-
‘ cally maintained by the control system. Under
the influence of vibration, the crushed rock

L moved up along the inclined plane and poured
Qymamicbscty @ yy into a special container. Thus, the mass of the
L 1Ics 7 crushed rock, located on the working body,

X > s gradually decreased from 100 kg to zero, and the
Fig. 4 output rower P,,, of the drive system — from 125
W to zero. The signals from the sensors were

Poyiraihsy
& PR

working
o body

electromagnetic
vibrator ’
A

vibration
direction

intermediate
platform c

digitized by DCS and saved in the PC memory.

As a result of digital signal processing, the time variation of the current, the voltage and the relative
movements of the core and the armature were obtained. Using equations (1) — (9), (16) — (18), the efficiency
of the vibratory device electromagnetic drive system was defined for different values of the output power.

This experiment was carried out five times, and for each value of output power five values of effi-
ciency m;; were obtained, where j = 1..k; i = 1..N; k= 21; N = 5. The average values of the efficiency and its

: : _ 1y | _
dispersion (Table 2) were calculated by the formulas [4] n=—20, D, =——>n,.-7,)".
Nzl N-1a=a Y
To test the reproducibility of the experiment was used Cochran's C test [4]

-1
k
G=D,, -(Z Dj) =0,084, where Dy=1,57-10" — is the maximum value of dispersion (Table 2). Coch-
Jj=1

ran's C test critical value for the significance level of 0,05, 5 samples and the number of degrees of freedom
k-1=20 is within the range 0,3066...0,3645 [4]. Since the value G=0,084 is less than the critical one, the ex-
periment satisfies the conditions of reproducibility.

Instrumental error in determining the efficiency

2 2 2 2 2 2 2
An,.,. = (AUa—nj +(A[a—77j +(AR8—77) + A¢)a—77 + Awa—ﬂ +(A58—']j +(Aca—n) , (22)
‘ oU ol OR Y oy 05 dc

where AU, Al, AR, Ap, Ay, Ad and Ac — are the measurement errors of the voltage, current, resistance, phase differ-
ence between current and voltage, phase difference between the movement and the force, air gap and stiffhess of the
elastic connection. The values of A, obtained by (1) — (22), are shown in the Table 2. Random errors, found us-
ing the Student

Table 2 coefficient [4],
P, W 25 30 40 50 60 70 80 90 100 | 110 | 120 | 125 are 2 orders of
Mx10° | 469 | 513|581 | 62.8 | 662 | 68.7 | 70.6 | 72.0 | 733 | 744 | 754 | 75.7 | magnitude less
Dx10° 4.2 5.0 1.2 5.0 | 146 | 13.8 | 15.7 | 12.0 | 103 | 6.2 9.6 8.5 than the instru-

AT],-MS,,.XIO2 17.1 | 149 | 109 | 7.7 6.0 5.1 4.7 44 4.2 4.1 4.0 4.0 mental error, so

Nieo 107 | 40.8 | 459 | 533 | 58.4 | 62.0 | 64.6 | 66.7 | 68.3 | 69.5 | 70.7 | 71.5 | 72.0 | they can be ig-
Anx 107 6.1 | 54 | 48 | 44 | 42 | 41 | 39 | 37 | 38 | 37 | 39 | 37 | nored and con-
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n S sidered that the confidence interval is determined only by
07 - the instrumental error.

i L 5 il ] r‘“ﬁtf'r.ﬁ i\n,.,\,,r.f’w..-r The difference between theoretical and ex-
0.6 e s e S . _

L~ 4>/<-ﬁt Po) T iPosd) = McaPoce) perimental results An =|ntheor —n| don't exceed the

0.5 g > .

://%é:n -~ corresponding values of An;, (Table 2). It means, that
04— —T—1— the calculated values of the vibratory conveyor elec-
03— tromagnetic drive system efficiency M., are within

20 30 40 50 60 70 80 90 100 110 120 P, W

the limits of the confidence interval (Fig. 5).
Fig. 5 Thus, the experimental studies confirmed the
character of change of the electromagnetic vibratory
drive system efficiency depending of the power, and that the efficiency can exceed 70%.

Conclusions. The energy efficiency of the vibratory device electromagnetic drive system essentially
depends on the oscillation frequency. The optimal frequency, providing maximum efficiency, is 0,95...0,999
from the resonant one and is determined depending on the load. The obtained vibration movement optimal
phase dependence on the output power can be used for automatic frequency control with varying load. The
electromagnetic drive with an automatic control system provides a higher efficiency than an unbalanced one.
The theoretical results were confirmed by the results of the experiments.
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Cmamus noceawena ucciedo8anuio SHepeemuieckux XapaKxmepucmux 31eKmpoMazHUmHo20 subpayuonnozo npusooa. Iymem uuc-
JIEHHO20 MOOENUPOBAHUS INEKMPOMEXAHUHECKUX npoyeccos paccuumansl suadenus KIIJ[ snekmpomaznumnozo eubpamopa, npeoo-
paszosamens yacmomsl u pesyavmupylowezo KII/I npueooa ona pasnvlx enutut 8bIX00HOU MOWHOCIU U yacmomyl moka. Onpede-
JleHa onmumanvHas wacmoma, obecnevusarowan makcumym KIIJ. Ycemanosneno, umo npu agmomamuieckom ynpasieHuu 1eK-
MPOMACHUMHBIL 8UOPAYUOHHBIL NPUE0OD umeem Oonee gvicoxuil KIIJI, uwem yenmpobesrcusiil. [Iposedenvl sxcnepumeHmanvHvle uc-
C1e008anuUs, KOmopble HOOMBEPIHCOAIom NOLyUeHHble meopemuyeckue pezyivsmamul. bubmn. 12, Tabin. 2, puc. 5.
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