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Summary. Devices that automatically shut down the working mechanisms when they are overloaded
include friction, electromagnetic and other couplings. They allow adjusting the amount of allowable torque and
automatically turning on the mechanisms when the overload stops. According to the results of the implementation
of the planned factor experiments, the regression equations are obtained, which describe the change of the braking
torque of the output shaft of the inertial safety clutch. The results of the study are the prerequisites for the
development of methods for substantiating the rational parameters of the operation of inertial safety clutches.
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Statement of the problem. Efficiency and reliability of machines operation to great
extend depends on the correct choice of their component schemes, calculation and
substantiation of rational structural, kinematic and dynamic parameters, as well as ensuring
high-precision and sufficient protection of their working parts and machine drives when
overloads occur [1].

Devices which automatically shut down the working mechanisms when they are
overloaded include frictional, electromagnetic, inertia and other couplings. They allow
adjusting the amount of allowable torque and automatically turning on the mechanisms when
the overload stops.

Analysis of available investigation results. Well-known classical approaches to the
research methods of safety clutches are based on the analysis of the generalized models of
inertial mechanisms [2—-7] in the stated abstract way [8-12]. Therefore, there is a need for a
comprehensive technological analysis of the process of inertial safety clutches together with
the power units or actuating mechanisms. In present research, the so-called ‘stop’ mode of
inertia safety clutch operation, set by the braking device, is described. In this case, the braking
device simulates the magnitude of the power overload of the working body of the actuator, or
the resulting process of unpredicted failure of the actuator.

Due to the ‘stop’ mode of inertia safety clutch operation, the possibility of failure or
breaking of the working tools of the actuating mechanism are eliminated, which prevents the
occurrence of emergencies and their further consequences.

Objective of the research is to substantiate rational constructive-kinematic and
technological parameters of the model sample of the inertial safety clutch on the basis of the
conducted experimental researches of the laboratory installation; to determine and analyze the
functional dependence of the change of output shaft braking torque of the inertial safety clutch
at the ‘stop’ operation mode.

Statement of the problem. The object of experimental research is the technological
process of the model of the inertial safety clutch, and the subject of research is its design and
kinematic parameters and the degree of influence of input parameters on the braking torque of
the output shaft, which regulates its ‘stop’ mode. ‘Stop’ mode of operation of the inertial safety
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clutch functions in case of overload of the working tools of the actuator, for example, in
agricultural machines, machines for bakery production. Such actuators can be, for example,
threshing drums of combine harvesters, cutting mechanisms of mowers, working bodies of root
and potato harvesting equipment, working tools of machines for processing agricultural
products, in dough kneading machines and so on.

Implementation of experimental studies to determine the braking torque of the output
shaft of the inertial safety clutch was carried out on the basis of well-known scientific methods
for setting and conducting experiments [13], i.e. by applying the general structural scheme
(model) of the experiment developed according to the common statements describing the notion
of ‘black box’ [14]. The ‘black box’ describes and characterizes the general methodology, as
well as the general method of conducting an experimental research of the object of study.

As the initial parameter, or parameter that functionally describes the nature of changes
in the technological performance of the inertial safety clutch, and due to which its design and

kinematic parameters were improved, the braking torque My of the output shaft of the inertial

safety clutch [15] was taken, which was determined for a combination of two variants and two
cases of its operation.

Experimental studies were performed using the designed experimental stand. Structural
and technological scheme of the experimental stand, which is designed for experimental
research of technological indicators of the process of ISC operation, is shown in Fig. 1. The
general view of the experimental stand is shown in Fig. 2.

Figure 1. Structural and technological scheme of the experimental stand: 1 — main frame; 2 — electric
motor; 3 — device for speed control of the Altivar 71 motor; 4 — personal computer; 5 — switching
connection; 6 — V-belt transmission; 7, 11 — respectively, the input and output shaft of the inertial safety
clutch; 8 — bearing support; 9 — glass; 10 — inertial safety clutch; 12 — toothed coupling;

13 — electromagnetic powder brake device; 14 — strain gauges; 15 — analog-to-digital converter;

16 — power supply; EM — electric motor; PC — personal computer; ADC — analog-to-digital converter;
PS — power supply; BD — brake device

Experimental stand consists of the main frame 1 (Fig. 1, Fig. 2) on which the main
working blocks are installed: 4A80A4CY 1-type induction electric motor, multisystem control
device 3 Altivar 71, inertial safety clutch 10, electromagnetic powder brake device 13, stepwise
regulative power supply 15.

The Altivar 71 device is designed for step control of the electric motor shaft speed. The
brake device is made as electromagnetic powder loading brake of PB-16M1 type. Power supply
is connected to the induction coils of the brake device PB-16M1.

The input shaft 9 of the inertial safety clutch, which is mounted in series in the support
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8, mounted on the main frame of the experimental stand and in the glass 10 fixed on the side of
the inertial safety clutch case, is connected to the motor shaft 4A80A4CVY1 with a V-belt
transmission 6.

P,y

e

Figure 2. General view of the experimental stand: 1 — main frame; 2 — electric motor; 3 — device for speed
control of the Altivar 71 motor; 4 — personal computer; 5 — switching connection; 6 — V-belt transmission;
7, 11 — respectively, the input and output shaft of the inertial safety clutch; 8 — bearing support; 9 — glass;
10 — inertial safety clutch; 12 — toothed coupling; 13 — electromagnetic powder brake device;
14 — strain gauges; 15 — analog-to-digital converter; 16 — power supply

The output shaft 11 of the inertial safety clutch is mounted in a bearing support 8, which
is fixed on the main frame of the experimental stand and is connected to the shaft of the
electromagnetic powder loading brake 13 of PB-16M1 type with a toothed coupling 12.

Electric motor, strain-gauge transducers 14 mounted on calibrating device I[1T-16M1
for calibrating the amount of braking torque on its shaft and of the electromagnetic induction
coils winding of the braking device PT-16M1 with communication connection 5, are connected,
respectively, to Altivar 71 device, analogue-to-digital converter (ADC) and stepwise power
supply control.

The kinematic scheme of the experimental stand is shown in Fig. 3.

Technological process of the experimental stand operation is as follows.

220 V power supply was connected to the Altivar 71 multisystem control unit 3 (Fig. 1,
Fig. 2). The start button, which is located on the panel of Altivar 71 control device 3, switched
on the supply voltage of the electric motor 2 and, accordingly, rotated the motor shaft. Due to
the V-belt transmission 6, the torque of the motor shaft to the input shaft 9 of the inertial safety
clutch 10 is transmitted.

Then, the operation principle, or the technological process of operation of the inertial
safety clutch, is identical to the operation principle of the inertial safety clutch, described
in [16]. Subsequently, the rotational movement of the output shaft 19 (Fig. 3) of the inertial
safety clutch 3 through the connecting gear clutch 20 is transmitted to the shaft 21 of the brake
device 22.

The speed of the input shaft 7 (Fig. 1, Fig. 2) of the inertial safety clutch 10 is regulated
by the frequency converter of the control device 3 Altivar 71 using the standard licensed
software Power Suite VV2.3.0. The technological load of the brake device 13 (electromagnetic
powder brake device PB-16M1) was simulated using the Arduino control system [17].

88 ..........ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (100), 2020 https://doi.org/10.33108/visnyk_tntu2020.04


https://doi.org/10.33108/visnyk_tntu2020.0

Vasyl Karetin, Petro Stukhlyak, Andrii Kurko

~
4 oo

J
s [ X | X [

Figure 3. Kinematic scheme of the experimental stand: 1 — electric motor; 2 — V-belt transmission;

3 — inertial safety clutch; 4 — input shaft; 5, 6, 9-14 — bevel gears; 7, 8, 14, 16 — straight-toothed cylindrical
gears; 15 — straight-toothed parasitic cylindrical gear; 19 — output shaft; 20 — gear coupling; 21 — a shaft of
the brake device; 22 — brake device; A — the upper drive of the imbalance; B — the lower drive of the
imbalance

On the computer monitor in the field of the window of the virtual oscilloscope in the
system of Cartesian coordinates the diagrams of frequency characteristics are reproduced and
the diagram designations due to the appearance of the legend are displayed. The operating
modes of the oscilloscope and its instantaneous state of data reproduction are set by the trigger.
The ‘stop’ mode of clutch operation is modeled by the brake torque value.

To obtain a regression model that describes the change of the initial parameters and
allows to optimize the process of the inertial safety clutch operation, the appropriate plan of a
two-factor planned experiment of PFE 32 type was chosen.

The names of natural factors, variation levels and the results of their coding are given
in Table 1.

Table 1

Levels of variation and designation (coding) of natural factors

Name and Variation Variation level values:
designation of the real factor interval natural/coded
Input shaft speed Nig, rpm 175 87,5/(-1) 262,5/(0) | 437,5/(+1)
Gear ratio U 1,05 1,1/(-1) 2,15/(0) 3,2/(+1)

The order of numerical implementation of experiments was performed according to the
plan-matrix and according to known standard methods due to the established current criteria,
requirements and recommendations [18].

The obtained results of numerical values: input shaft speed Nj, the braking torque M,

of the output shaft and the corresponding value of the gear ratioU, of upper imbalance drive of

the inertial safety clutch were recorded in the table. Processing of the obtained experimental
data set was performed according to a well-known method [19].
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The coefficients of the approximating function, represented as a functional dependence
My = fap (U;;nis) under conditions of orthogonality and symmetry of the experimental plan

matrix, were determined using Statistica 10 personal computer software [20, 21].
Analysis of numerical results. Studies of the functional nature of braking torque M,

change of the output shaft were carried out for the following combinations of two variants and
two cases of operation of the inertial safety clutch: combination with reverse and intermediate

gear l\/lr,p , Nm (hereinafter combination I); combinations without reverse and intermediate gear

er,p, Nm (hereinafter combination II).
The dependence for approximation of experimental data of braking torque My,

functional change of output shaft depending on the of input shaft rotation speed change Njs and

gear ratio U, of the upper unbalance drive of the inertial safety clutch for combination variants
I and Il, or for determining the approximating function in the form of empirical model
My = fyy (u,;1;5) was found by the maximum value of the coefficient of multiple determination
D,, which was determined by working out the known algebraic functions and further analysis
of its numerical values.

The functional dependence My, = fy; (U;;Nnjs) for approximation of the experimental

data of the braking torque change My of the output shaft of inertial safety clutch for

combinations I and Il was set as a mathematical model of a complete polynomial of the second
degree

2 2
Mp; =bg +byu, +bynig +byou,Nig ++bll(u2) +by (nis) ' )

where Dy is a free term of regression equation (empirical model); by, by,by,,byq,byy are

respectively the coefficient of each input factor and their interaction.
The determined numerical values of the coefficients of the regression equation (1) in
natural quantities, which characterize the functional change of the braking torque My, of the

output shaft of the inertial safety clutch and which is written down as a function
Myt = fim (U;5Nis) , or the change of My, depending on the input shaft speed N variation, and

the gear ratio U, of the upper imbalance gear of the inertial safety clutch for combinations I and
I1, are given in Table 2.

Table 2

Natural values of coefficients by, b; and bij the regression equation of braking torque change My,

on the output shaft of the inertial safety clutch, which is written as a function My, = fy; (u,;n;s)
for combinations I and I

o Natural values of the coefficients of the regression equation
Designations bO bl b2 b12 bﬂ b22
My p = fm (U2 Nis) 0,094 0,31 0,53 0,01 -0,029 | 6,54 107
Myr.p = fm Uz 1js) 0,36 0,49 0,063 0,01 -0,032 | 5,34 10%
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Statistical significance of the natural values of the coefficients bi and bj; of the
regression equation, which is written down as an empirical model (1), was estimated according
to t — criterion of Student according to the condition tp < tr for the degree of reliability
P=0,95.

Having neglected insignificant coefficients Doy = 6,54 107; 5,34 10°® (Table 2), we
obtain a regression equation in natural quantities, which is written down as a function
Mpt = fpp (U, 0ig) and characterizes and functionally describes the change in braking torque
My of the output shaft of the inertial safety clutch depending on the input shaft rotation speed
Nis and the gear ratio U, of the upper drive unbalance of inertial safety clutch for combinations

I and II:
- for combination variant | (with reverse and with intermediate gear) M ,:

2
M rp= 0,094 +0,31u, +0,53n;s +0,01u, ;s -0, 29(uZ ) : )
- for combination variant 11 (with no reverse and with intermediate gear) My, ,

My p =0,36+0,49u; +0,063n;5 +0,01u,ng -0,32(u, )2; )

Verification of the adequacy or compliance of regression models (2), (3) with the
obtained array of experimental data of the braking torque M change of the output shaft of the
inertial safety clutch was carried out according to the appropriate Fisher’s F-criterion due to
condition Fj < Fr with the degree of reliability p =0,95 and when the value of reliability of

multiple determination coefficient D,, =10 with probability P =0,95, as well as with the value

of the multiple correlation coefficient R .

Based on the results of the obtained experimental values and according to the regression
equations (2) and (3), the response surfaces and two-dimensional cross-sections of the response
surfaces are drawn, which describe and characterize the functional change of the brake torque

My of the output shaft depending on the change of gear ratio U, of upper imbalance drive and

rotation speed of the inertial safety clutch as functions My = fyy (U,;Nis) for the accepted

combinations | and II:
- for combination variant | (with reverse and with intermediate gear) as a function

My p = fu (Uzinig) | Fig. 4 a.
- for combination variant Il (with no reverse and with intermediate gear) as a function
Mur.p = fm Uz nis) , Fig. 4 b.
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Figure 4. Response surface and two-dimensional cross-section of the response surface:
a—functionsm ) = fy (u,;ni) s b—Tfunctions M, o = iy (u,inie)

Analysis of the diagramed reproductions in the form of response surfaces and their two-
dimensional cross sections shows that the main component that has a significant effect on the

change of the braking torque My; of the output shaft for the accepted working process
combinations | and Il is the rotation speed N of the input shaft of inertial safety clutch.
Concurrently, with increasing speed Nig of the input shaft in the range from 87.5 rpm to

437.5 rpm, the braking torque My of the output shaft, which provides a ‘stop’ mode of the
inertial safety clutch operation also increases within the following limits:

- for combination variant | (with reverse and with intermediate gear) as a function
M rp= fam (Uz:Njs) from 4.5 to 4.8 times, which is characteristic to Fig. 4 a;

- for combination variant Il (with no reverse and with intermediate gear) as a function
Mur.p = fm (Uz;Nis) from 3.9 to 4.7 times, which is characteristic to Fig. 4 b.

Herewith, the nature of the functional change of the braking torque My; of the output shaft for

working process combinations | and Il depending on the increase in rotation speed Njs of the
input shaft of the inertial safety clutch is close to proportional — with a proportional increase in
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rotation speed Nig up to 5 times (from 87.5 rpm to 437.5 rpm) the braking torque My; of the
output shaft also increases in proportion to the increase Njgand is from 4.8 to 5.1 times.

Increasing the gear ratio U, in the range from 1 to 3.2 for the combination variants I and
Il (using the intermediate gear drive of the upper imbalance of the inertial safety clutch) does

not significantly affect the increase in braking torque My of the output shaft within the input

shaft rotation speed Njs of the inertial safety clutch from 87.5 rpm to 262.5 rpm, which is typical
of the analysis of diagrams, shown in Fig. 4.

In this case, the braking torque My, of the output shaft of the inertial safety clutch
increases in a small range —from 3.0 Nm to 4.0 Nm on average. Within the limits of increasing
the rotation speed Njs of the input shaft of the inertial safety clutch from 262.5 rpm to 437.5 rpm

and changing the gear ratio U, from 1 to 3.2, the increase in braking torque My for the variant

combinations | and Il of the inertial safety clutch operation is on average from
8.0 Nm to 10.0 Nm. This statement is also confirmed by the nature of the analysis of the

functional curves changes My, which are shown in two-dimensional sections of the response

surfaces, shown in Fig. 4.
Couclusions. Based on comparisons and analysis of diagramed changes of brake torque

My of output shaft for combination variants 1 and |1 (with intermediate gear of the drive of the
top unbalance of the inertial safety clutch, Fig. 4) depending on change of rotation speed Njs of

input shaft from 87.5 rpm to 437.5 rpm and changes in gear ratio U; from 1 to 3.2, it can be

stated that:
- the process of operation of the inertial safety clutch with the use of reverse and with
intermediate gear drive of the upper unbalance (combination variant I, when the upper and

lower unbalance have counter-rotation) provides an increase in brake torque M p Of the output

shaft of inertial safety clutch on average by 10...15% or by 1.1... 1.15 times compared to the
combination variant Il with no reverse and with an intermediate gear;

- asignificant increase in the torque transmission My of the output shaft for cases of
comparing the operation process combinations I and Il (on average by 15... 20%) occurs at the
rotation speed of the input shaft of the inertial safety clutch Nig > 262.5 rpm;

- the maximum values of occurance of braking torque Mpt max Of the output shaft, or

the optimal mode of the inertial safety clutch operation is provided when using the combination
variant 11, i.e. when applying the process of inertial safety clutch operation with no reverse and
with intermediate gear, in which the upper and lower unbalance drives counter-rotate. Herewith,

the average maximum values of the braking torque M p.max Of the output shaft of the inertial
safety clutch, which vary in the range from 25 Nm to 43 Nm, obtained by changing the rotation
speed Njs of the input shaft in the range from 262.5 rpm to 437.5 rpm and the gear ratioU, of
the upper imbalance from 2.0 to 3.2.

Thus, in the context of providing the maximum braking torque M pt max of the output

shaft, the rational parameters of the inertial safety clutch operation process are in the following
range: the rotation speed of the input shaft is from 87.5 rpm to 437.5 rpm; gear ratio of the
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upper imbalance drive is from 2.0 to 3.2; gear ratio of the lower imbalance drive is 1.0. In the

future, it is planned to carry out the mechanism operation in other technological modes.
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Experimental studies of the inertial safety clutch for screw conveyor

YK 681.833.6

EKCIIEPUMEHTAJIbHI JOCJIKEHHSA THEPIIMHOI
3ANOBIKHOI MY®TU 'BUHTOBOI'O KOHBEEPA

Bacuab Kapertin; [lerpo Cryxuisik; Anapiit Kypko

Tepnoninbcokuu Hayionanrbhuu mexuivHuu ynigepcumem imeni leana Ilynios,
Tepuonins, Ykpaina

Peztome. Edexmusnicmv i HaditiHicmv (QYHKYIOHYBAHHA MAUWIUH | MeXAHI3MI8 3HAYHOK MipOI0
3anedcume 8i0 NPABUILHO2O GUOOPY IX KOMNOHYBANLHUX CXeM, PO3DAXYHKY Ui OOIPYHMYGAHHS PAYIOHANbHUX
KOHCMPYKMUGHUX, KIHEMAMUYHUX | OUHAMIYHUX NAPAMEMPI8, a MAKodC 6i0 3a0e3neuenHs 6UCOKOMOYHO20 |
HAOIHO20 3axucmy poOouUX OPeanis i NPUEoOie MAulUH NPU BUHUKHEHHI nepesanmadicens. [Jo npucmpois, saKi
ABMOMAMUYHO  GUMUKAIOMb POOOYL MEXAHi3MU Npu iX NepesaHmadiCeHHi, GiOHOCAMbCA  OPUKYIUHI,
eNeKMPOMACHIMHI, [HepYiuHi ma [Hwi 3 €OHY8ANbHI My@mu, wo 00380J10Mb pPe2yrioamu GeIUUHY
00NyCmMUMO020 KpPYMHO20 MOMEHMY U a6MOMAMUYHO 6KNIOYAI0Mb Y pOOOMY MeXanizmu npu RPURUHEHHI
nepesanmasicents. 3a paxyHox GUHUKHEHHS CMON08020 pexcumy pobomu inepyiunoi 3anobixcnoi mygmu
VCYBAEMbCA MOICTUBICMb BUXO0Y 3 1AOY ADO NOAOMKU POOOUUX OP2AHIE8 GUKOHABYO20 MEXAHI3MY, WO 3anobizac
BUHUKHEHHIO A8APIUHUX CUmMyayill ma ix nooanvuwiux Hacniokie. 3a pesyrbmamamu peanizayii NiaHOBAHUX
GaxmopHux ekcnepumenmie OMpPUMAHO PIGHAHHS pecpecii, AKI XapaKkmepusyloms 3MiHy 2aibMiBHO20 KDYMHO20
MOMeHmY BUXIOH020 6and IHepYiliHOI 3anoOIHCHOI My@mu 3a1edxiCHO 8i0 6XIOHUX NApPAMempis: 4acmomu
obepmanHa 6XiOHO20 641 MA NepPeoayHo20 GIOHOUIeHHA MeXaHizmy npugoda oebanancis. Ilpoyec pobomu
inepyilinoi 3ano6isxcHoi My@mu i3 3acmocysants pegepcy ma 3 NapasumHoIO wecmepHelo npusood 8epxXHbLO20
Ooebanancy (sapianm xomoOinayii I, 3a K020 GepXHIU [ HUJCHIN 0ebaIaHCU Maromv 3yCmpiune 00epmanHs)
3a0e3neuye 30inbUeHHA NePedasanis 2a1bMi8HO20 KPYMHO20 MOMEHMY UXIOHO020 8ana inepyilinoi 3an 06ixcHOT
my@pmu 6 cepeowvomy na 10...15%, abo e 1,1...1,15 paza nopisnano 3 eapianmom kombinayii Il 6e3
3aCmMoOCy6anHsa pegepcy ma 3 NApasumHoilo uiecmeprero. Y Konmekcmi 3abe3nedenHs MaKCUMAanbHO20
2aNbMIBHO20 KPYMHO20 MOMEHMY 6UXIOH020 6ald PAYIOHAAbHI napamempu npoyecy pobomu iHepyiuHoi
3ano0incHoi My¢hmu 3naxooamuvcs 6 dianasoHi: yacmoma obepmanusa 6xioHo2o eana 6io 87,5 06/xeé 0o 437,5
00/x6; nepedamoyHe GIOHOUIeHHs NPUBOOA 8epXHbO2O Oebanaucy 6i0 2,0 0o 3,2; nepedamouHe iOHOULEHHs
npueooa HudcHvb020 debanancy 1,0. Pesynomamu 0ocniodcents € nepedymogamu po3pooieHHs Memooono2ii ma
MemoOuKu 002PYHMYBAHH PAYIOHAILHUX NApaAMempis npoyecy (YHKYIOHY8AHHA THEPYIUHUX 3aN0OINCHUX
mygm.

Knwouosi cnoea: kinemamuuna cxema, 0eOANAHC, 2ANbMIGHUN KPYMHUL MOMEHM, HaACmMoma
obepmanms, nepedamoune GiOHOULEHHSL.
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