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Abstract. The planetary-type vibration exciters are relatively novel and prospective types of
actuators for various vibratory technological equipment. Numerous research papers substantiated
the possibilities of implementing such exciters for generating circular, elliptical, and rectilinear
oscillations of the working members of different technological machines. The present research
continues the authors’ previous investigations dedicated to kinematics and dynamics of planetary-
type vibration exciters and is focused on the analysis of forces, moments, and torques acting upon
the elements of the corresponding actuating mechanisms. The research methodology contains the
development of the simplified dynamic diagrams of two different designs of planetary-type
mechanisms, derivation of the analytical expressions describing force parameters of the
considered mechanical systems, performing the mathematical modeling and computer simulation
of the mechanism motion in order to analyze the corresponding forces, moments, and torques. The
obtained results present the time dependencies of the mentioned force parameters under different
operational conditions and design parameters of the planetary-type mechanism. The major
scientific novelty of the paper consists in defining the minimal required torque of the motor needed
to be applied for driving the mechanism at different conditions. The research outcomes can be
effectively used by engineers while developing new and improving existent vibratory
technological machines equipped with the considered planetary-type vibration exciter.

Keywords: vibratory technological equipment, force parameters, driving torque, operational
conditions, design parameters, mathematical modeling, computer simulation.

1. Introduction

Modern vibratory technological equipment uses various types of vibration exciters, which
differ by design parameters and operation peculiarities. One of the simplest designs is based on
the crank-type mechanism that actuates the reciprocating screen or sieve [1]. Another type of
commonly used vibration exciters uses the centrifugal forces generated due to the rotation of the
imbalanced shafts [2]. An interesting design of the twin crank-slider excitation mechanism is
proposed in [3]. The possibilities of implementing multi-rotor systems with one active drive for
actuating vibratory technological machines are thoroughly studied in [4] and [5]. Another
prospective design of the inertial vibration exciter is based on the ball-type actuators [6]. The
paper [7] considers the peculiarities of implementing the double-rotor exciters and nonlinear
springs in vibratory systems. In [8], the authors study the dynamic behavior of the mobile robot
equipped with the enhanced pantograph-type suspension and imbalanced rotor. The use of the
crank-type exciter for actuating the vibratory screening conveyor is analyzed in [9].

The planetary-type vibration exciters are relatively novel and prospective types of actuators
for various vibratory technological equipment. The possibilities of providing the time-varying
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operational characteristics of the planetary gears are comprehensively investigated in [10]. The
influence of different dynamic parameters on the vibration response of these gears is considered
in [11]. The paper [12] analyzes the main working regimes of the novel planetary-type vibration
exciter. In [13], the authors study the dynamics of an enhanced adjustable planetary-type exciter
driven by the chain gear. The modeling of torsional vibrations of the planetary gear train is
performed in [14], where the corresponding frequency spectrum analysis is conducted.

The present research continues the authors’ previous investigations published in [15]-[17]. The
generalized design of an asymmetric self-adjustable planetary-type vibration exciter was initially
proposed in [15]. Further investigations were focused on the simplified symmetric design of the
exciter allowing for generating the controllable circular, elliptical, and rectilinear trajectories of
the single-mass oscillating systems [16]. The latest research results published in [17] were
dedicated to kinematic analysis of the planetary-type mechanism that can be used as a vibration
exciter of various vibratory technological machines. The present research is focused on the
analysis of forces, moments, and torques acting upon the elements of the previously considered
planetary-type mechanisms. Herewith, the major scientific novelty of the paper consists in
defining the minimal required torque of the motor needed to be applied for driving the mechanism
at different operational conditions and design parameters of the vibration exciter.

2. Research methodology
2.1. Dynamic diagrams of the planetary-type mechanisms of the enhanced vibration exciters

The simplified dynamic diagrams of the planetary-type mechanisms used for actuating
vibration exciters are presented in Figs. 1 and 2. Considering the design with an external gearing
(Fig. 1), when the planet gear rolls over the unmovable sun gear, the carrier OD is set into rotary
motion in a clockwise direction around the hinge O. The latter is fixed on the machine’s working
member and is chosen to be the origin of the inertial reference frame xOy. The angular position
of the carrier at an arbitrary moment of time is characterized by the angle ¢. Depending on the
geometrical parameters of the mechanism, the angular position y of the planet gear D and the
imbalanced body E can be unambiguously expressed in terms of the angle ¢. The inertial
parameters of the considered mechanical system are characterized by the masses m;, m,, ms, my,
mg of the working member, planet gear, imbalanced body, carrier, and connecting rod,
respectively. In addition, while performing further dynamic analysis, the moments of inertia of
the corresponding bodies are considered relative to their centers of mass: /g, Jp, J¢.
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Fig. 1. Simplified dynamic diagram of the planetary-type mechanism with external gearing

Similarly to the previously considered dynamic diagram, the mechanism with internal gearing
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(Fig. 2) is characterized by eight inertial parameters and two angles unambiguously defining the
positions of all the movable elements in the inertial reference frame x0y. The only distinction is
the opposite direction of rotation of the planet gear caused by the clockwise rotation of the carrier.
While performing further analysis, let us consider the case when the mechanisms’ geometrical and
inertial parameters are prescribed, and the angle ¢ is the known (pregiven) function of time t.
Particularly, the case of constant angular speed of the carrier w is to be studied.
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Fig. 2. Simplified dynamic diagram of the planetary-type mechanism with internal gearing
2.2. Analytical expressions defining kinematic and dynamic parameters of the mechanisms

According to the considered dynamic diagrams, the relation between the angles y and ¢, and
the coordinates of the mass centers of the movable bodies can be expressed as follows:

p=@otw-t, y=vo+tw (op+Rp)/Rp-t=yo+tw-u-t, (1)
xp = lop*cos@, yp=—lpp-sing, (2)
xp =lpp-cosp, yp=—lpp-sing, (3)
xc =lop-cos@ —lpc-cos(p+k-y) =lop-cosp —lpc-cos((1+k-w)- @), 4
ye =lpc-sin(@ +k-y) = lop -sing = Ipc -sin((1 + k-w) - @) — lop - sing, (5)
xg = lopcos@ — lpg - cos(p + k- y) =lop - cosp — lpp - cos((1 + k- u) - ), (6)
Vg = lpgsin(p + k-y) —lop -sing = lpg - sin((l +k-u)- (p) — lyp " sin g, (7

where lpp, log, pc, Ipg are the distances between the corresponding points; Ry, is the pitch radius
of the planet gear; k is the coefficient defining the type of the planetary-type mechanism: k = 1
for the mechanism with external gearing and k = --1 for the mechanism with internal gearing;
u = (lop + Rp)/Rp is the substitution made for reducing the expressions length.

The horizontal and vertical components of speeds and accelerations of the corresponding mass
centers can be derived as follows:

Xp = —lop @ -sing, yp=—lpp @ cosy, (®)
Xp = —lop @ -sing, yp=—lop ¢-cosey, ©)
xc=(lpc- A+ k-w-sin((1+k-w)-p)—lop-sing)- @, (10)
ye=(pc-A+k-u)-cos((1+k-u)-9)—lyp-cosg)-¢, (11
Xg = (lDE-(1+k-u)-sin((1 +k-u)-q0)—l0D -sin(p)-(p, (12)
Vg = (lDE-(1+k-u)-cos((1+k-u)-g0)—l0D 'COS<p)'§b, (13)
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Xp = —lop* (¢* cosp + @ -sing), Jp=Ilop* (¢? sing — - cosy), (14)
Xp = —lop  (@*-cos@+ ¢ -sing), = 1lop (¢* sing — - cos ), (15)
kc=(lpc- A+ k-w?-cos((1+k-w)-¢)—lop-cosep)-¢? (16)
+(lDC(1+ku)sm((1+ku)(p)—l0DSln(p)(p,
Ve =(pc- A+ k-w?-sin((1+k-u)- @)+ lop-sing) - ¢? (17)
+(ZDC-(1+k-u)-cos((1+k-u)-<p)—lOD-cosqo)-<b,
ig = (lDE (1+k-u)? -cos((l + k-u)-qo) - lOD'COS(p) - @? (18)
+ (g A+ k-w-sin((L+k-u) @) —lop-sing) -,
yE = (lDE. (1+ku)2 Sln((l +ku) (p)+ lOD 'Sin(p) _(pZ (19)
+ (g A+ k-w-cos((L+k-u) @) —lop-cosp) - .
The inertial and gravitational forces acting upon the mass centers are the following:
Ipy = —my-Xp, Ipy=—my g, Gg=myg, (20)
Ipy =—my-%g, Ipy=-—my-Jp, Gp=my-g, (21)
lexy = —mg%¢, lcy=-—mg5 Y, Gc=ms"g, (22)
lgy = —mg-Xg, Igy=-m3-jg, Gg=m3-g, (23)

where g is free-fall acceleration.
The horizontal and vertical components of the reactions in hinges D and O are equal to:

Rox = [RDx] + Ipx
= [IDX+ICX+1EX_k

. ((luc . (Icy —Ge) + lpg - (IEy - GE)) ~cos((1+k-u)-¢)-sing 24

+ (lDC " ICx + lDE : IEX) - Sln((l + k " u) " q)) : Sin (p) /RD] + IBX’

Roy = [RDy] _GB +[By
= [IDy+ICy+IEy_GC_GD_GE_k

. ((ZDC . (Icy - GC) + lpe - (IEy — GE)) . cos((l +k-u)- <p) CoS @

+ (lDC ) ICX + lDE " IEX) " Sll’l((l + k ' u) ) (p) " COSq)) /RD] - GB + IBy'

(25)

The moment of all forces acting upon the carrier (crank) OD gives the primary information
about the torque of the motor needed to be applied in the hinge O for actuating the mechanism:

T = (RDX - lOD + IBX " lOB) - Sin(p + (RDy . lOD + (IBy - GB) " lOB) * COS @. (26)
3. Results and discussion
3.1. Analyzing the reactions in the central hinges of the mechanisms

In order to perform further numerical modeling, let us consider the simplified case of the
carrier uniform rotation at the constant angular speeds of ¢ = 157, 314, 471, 628 s’ (rotational
frequencies of 25, 50, 75, 100 Hz), when the mass of the imbalanced body is equal to m; = 0.1
kg and its eccentricity is lpr = 0.01 m. Herewith, all the other inertial parameters of the system
are neglected and assumed to be zero: m, = m, = mg = 0. The latter assumption can be proved
when the vibration exciter is equipped with at least two symmetrically installed planet gears and
synchronized imbalanced rotors. In addition, let us study three basic cases: 1) the imbalanced body
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describes a rectilinear trajectory in a vertical direction (e.g. while performing compacting
processes); 2) in a horizontal direction (e.g., while conducting sieving processes); 3) in an inclined
direction (e.g., while carrying out conveying processes). These three cases can take place when
the geometrical parameters Rp, lpp, and lyp are equal [17]: Rp = lyp = lpg =0.01 m. The
corresponding trajectories can be generated at the following initial values of the angles y and ¢:
Do =m/2,7 =m;2) 9o =0,y =7;3) 9o = /4 (o = — /%), ¥o = T.

Considering the imbalanced body trajectories (Fig.3(a)) simulated in the Mathematica
software with the help of Eq. (6-7), while performing further investigations, let us analyze the first
case when the imbalanced body describes a rectilinear trajectory in a vertical direction (e.g. while
performing compacting processes). The corresponding time dependence characterizing the

changes in the reaction of the central hinge O (Ro = |R3, + R(z)y> of the mechanism with

internal gearing at different angular speeds of the carrier is presented in Fig. 3(b). The lowest
nominal values of the reaction of about 50 N are observed at the smallest angular speed of
157 s7! (25 Hz), while the highest values of the reactions reach 900 N at the forced frequency of
628 s7' (100 Hz).

20 1000
10 $o =—0.25x 800 w=628s"
g = 600 ' '
- 0 $0=0 < 400 w=471s"
Ny
-10
¢ =0.257 1 1 1 w=314s"
-20 ¢o = 0.57 w =157 s
-20-10 0 10 20 000 0.02 0.04 0.06 0.08 010
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a) b)

Fig. 3. Dependencies of the trajectory of the imbalanced body motion a) and reaction in the central hinge b)
on the initial conditions (carrier inclination angles) and operational parameters (carrier angular speeds)

:gs ‘ \“ ‘h ._l\ ,h ‘\ “ \ w=1575"
AN " |

t [s]
Fig. 4. Time changes in the moment of all inertial and gravity forces acting upon the carrier of the
planetary-type mechanism at different operational parameters (carrier angular speeds)

3.2. Analyzing the moment of all inertial and gravity forces acting upon the carrier

Considering the above-mentioned design and operational parameters of the planetary-type
mechanism and the derived Eq. (26) of the moment of all forces acting upon the carrier, the
corresponding time dependence is plotted in Fig. 4. The obtained simulation results show that the
moment is a periodic function that changes in time at the twice larger frequency than the rotational
frequency of the carrier. The maximal amplitude values of the moment of about 7 N-m are reached
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at the forced frequency of 628 s (100 Hz), while the minimal ones of approximately 0.5 N-m are
observed at the lowest angular speed of the carrier of 157 s7' (25 Hz). The obtained data agree
with the previous publications of the authors, e.g. [16], [17], and allow for primary evaluation of
the necessary torque and power of the motor to be applied for actuating the excitation mechanism.

4. Conclusions

The paper considers two planetary-type mechanisms with internal and external gearing used
for actuating inertial vibration exciters of various vibratory technological equipment. The
corresponding dynamic diagrams are analyzed and the expressions describing their kinematic and
force characteristics are deduced. The latter allow for evaluating the reactions in the hinges of the
mechanisms and the moment of inertial and gravity forces acting upon the carrier. Considering
the case of vertical rectilinear motion of the imbalanced body, the highest and lowest values of the
reaction in the central hinge and the torque at the carrier are simulated: 50 N and 0.5 N-'m (at the
carrier angular speed of 157 s7! (25 Hz)), 900 N and 7 N-m (at 628 s~! (100 Hz)). Further research
should be focused on experimental approval of the obtained simulation results.
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