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NONLINEAR DYNAMICS OF THE VIBRATION MACHINE WITH
ELECTROD YNAMIC ACTUATOR OF VIBRATIONS POWERED FROM A
VOLTAGE SOURCE

V.K. Astashev, K.A. Pichugin, E.B. Semenova
Mechanical Engineering Research Institute of RAS, Moscow, Russia
v_astashev@mail.ru, pichugka@yandex.ruel_semenova@mail.ru

Annotation. The results of the analysis of the dynamic properties of a technological machine with
an electrodynamic vibration exciter when powered from a voltage source are presented. The work
of the system is consiggl both at idle and under nonlinear technological load. The amplitude
frequency characteristics of the machine are presented and found conditions for the appearance of
ambiguity regions corresponding to unstable modes.

Key wordswvibration machine, notinear technological load, resonance, amplittfdequency
characteristic, process speed.
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PRINCIPLE OF LOAD EQUALIZING
IN SPLIT -POWER TRANSMISSION SYSTEM

E StephenP.Radzevich
EATON Corp.Detroit, USA
radzevich@usa.com

Abstract.This paper deals with splgower transmission systems (or wBPTS for simplicity).
SPTSfeaure two or more paths of power flokn increased power density is the fundamental
advantage oSPTSover mechanical systems with a single power path. It is commonly assumed that
in SPTS the input power spbt equally among all the power paths (or, more generally, it splits in
specified proportions among the power pathBecause of the design features SPTS
manufacturing errors, displacements under operatiragl]cheat extension, efc¢he input power is
shared unequally among the power paths. Because of this, the components in some of the power
paths are overloaded, while other ones are underloaded, or they can be even idle. As a result,
efficiency ofSPTSrastically goes down. Enhanced accuracy in the machining of the components is
a straightforward, lesshaneconomical approach to equalizing the load shareSIATS The
problem of equal (or almost) equal load shi@a SPTScan be solved by means of elastic absorbers

of manufacturing errors. Below in this paper, this approach is discussed in detail. In this research
SPTSof two kinds are distinguished. They are symmetrical (~2000), and &§oainSPTS
(~2011). In symmetricaBPTSequal load share is ensured by means of elastic absorbers of
manufacturing errors (or means OEAME for simplicity). In asymmetricalSPTS the
displacements of operating components as a result of asymme®PTH The unfavorable
variation of the displacements can also be equalized by means of proper elasticity of the main
components dPTS A few illustrative examples of application are presented

Key words:SPTYsplit-power transmission systeni)qual load sharePower densityPower path.
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Introduction. This paper deals with spifowertransmissiorsystems (or with SPTS, for
simplicity). Transmission systems of this kind feature two or more pathansititted power. An
increased power density is the fundamentalaathge of SPTS over mechanical systems with
single power path.

For decades the problem of equal power share among several power flI&&®BTiis under
investigation by mechanical engineering. Lots of efforts have been undertaken in the past to solve
this problem. However, many efforts do not mean many results. The number of scientific
publications on the topic is limited. Planetary reducatomobile differentials and similar gear
trains with split power are likely the most investigated exampleSRFS.

The earlier proposed by Praf.N. Reshetow..N. approach [5] is focused on application of the so
called selfaligning mechanismdor the purpose of equal load share in gptitvertransmission
systems. In order to neutralize an excessive mobility of some components, additional mobility of
other compoants of SPTS are added following the approaf]. In this way ultimate mobility of

the SPTES equals to oneThis makesSPTS more complex.

Use of elastic absorbers of manufacturing errors ikélyepoint in the alternative approach of load
equalizing in SPTS proposed by theProf. S.P.Radzevich[1]. This approach is focused on
elimination of excessive mobility of componentsSRPTE.

Latest authords accompli shments i noutlitediathd i el d
text immediately below. The discussion isused onasymmetricalProf.S.P.Radzevich2011)

and onsymmetricalProf. S.P.Radzevich2000) splitpowertransmissiorsystems.

1. Asymmetrical Split-Power-Transmission SystemsA large vaiety of kinds of splipower
transmissiorsystems is used in the nowadays industry. AIPTS fall into two groups.
AsymmetricalSPTS comprise the first group, amymmetricalSPTS comprise the second group of
kinds of splitpowertransmissiorsystems. The second group®PTS can be viewed as a reduced
case of the first one.

1.1.Principal kinds and structural features of asymmetrical SPTS1 n asyinmetrical split
power-transmissiorsystemg (Prof. S.P.Radzevich~2011)the actual values of the principal design
parameters of SPTS are different in different power flows. Shown in Figsplit-power
transmissiorsystem, that is used in the desigh amtomobile seat track, can be viewed as a
representative example asymmetricalSPTS. Because of the evidentasons, the electric motor
cannot be located at the center of the seat cushion. Therefore, it is mounted at ahsideeaf t
12
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cushion. When the electric motor is on, the electric motor spindle rotéteg dexshaft and a
short flexshaft Through wo gearboxes, this rotation is transmitted to two sexadnut
kinematic pairs that move the seat back and forth. flEkile shafts, namely the long one and the
short one, are of different lengths (and this is inevitable). Actual lengths of theh&iix are the
principal design parameters of tl8PTS. Because the shafts are of different léngplit-power
transmissiorsystenof this particular design (séeg.1) i s r e fasymmetridalSPTE0 .as 0

Fig. 1. Closeup ofautomobile seat track (representative example
asymmetricSPTS .

When a torque from the electric motor is applied, the flexible shafts are twisted at different twist
angles. This is décause the flegshafts are of different lengths. As a result,-phasing in the
screwto-nut kinematic pairs causes unfavorable misatignt of the direction of the force that acts
against the seat, and between the seat track rails. Ultimately, tkes&raf the seat track gets
skewed, the seat motion back and forth becomes unsmooth, and produces excessive noise. None of
these is permsible. This the first and the main source of inconsistences of operation of the
asymmetricalSPTE. Manufacturing errors, displacements of the componerdsr operating load,

heat extension of the components and so forth comghresesecond source of inconsistences of
operation of theasymmetricalSPTES (to be considered beloiw relation tosymmetricalSPTS).

The main features @fsymmetricalSPTS are, first of all, due to:

(a) either power being transmitting through every power pEBRANS, is not of the same lize;

(b) or one (or more) of the principal design parametgs  and/or Ly e differ(s) from others;

(c) or both items (a) and (b) occur at the same time.

AsymmetricalSPTS of the kind (@) a e out the scope of the paper
focused just on the analysis a@lsymmetrical SPTS that feature different principal design
parameterd o,y  and/or Ly ge.-

Possiblestructures ohsymmetricalSPTS under consideration are illustrated in Fg.
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First, anasymmetrical SPTS may feature single source of input power [either an engine/motor,
E/ M, or other]and certain numbemn, of operating elementE) as it is schematically shown in
Fig.2,a. Inthis particular case, each operating elem@f; , is powered by that same source of

power, E/ M. For the purpose of transmitting of power frdfd M to eachOEF , a @rresponding
transmission,TRANS, is used. The total number of the transmissiai8ANS, is equal to the

total number of the operating elemen®s; .

The input power from a singleource of power is split onto humerous)(paths. asymmetrical

SPTE of this kind feature equal power being transmitting through each power path.

A transmission that splits the input power between the main rotor, and the tail rotor of a helicopter
is a good example afsymmetricalSPTS of this particular knd.

Second an asymmetrical SPTS may feature multiple sources of the input powen (
engines/motors in total) and a single operating elen@Bt, Structure ofasymmetricalSPTE of

this kind is illustrated in Fig2,b. In this second case, the operating elem@t,, is powered by
each engine/motorE/M; simultaneously. For the purpose of transmitting of power from each

E/M; to OE, a corresponding transmissiomRANS, is employed. Total number of the
transmissions is equal to the totalnmber of the sources of input poweE/M;. Through
numerous (1) power paths, input power from all the/M; is combined into a single path of

output power. Asymmetrical SPTS of this kind feature equal power being transmitting through
each path of power.

In a particular caseasymmetrical SPTS may feature a single source of input power (single
engine/motor,E/ M), and a single operating elemeQE, connected to eachther by means of
multiple transmissionsTRANS$. The structure ohsymmetricalSPTS of this simplified case is

shown in Fig2,c. Again,asymmetricalSPTES of this kind feature equal poweeing transmitting
through each transmissiomRAN$. An example ohsymmetricalSPTE of this particular kind is

discussed immediately below.

1.2.Automobile seat track as an example ohsymmetrical SPTS Considerthe design of an
automobile seat track as an exampleasfymmetrical SPTS. An automobile seat track is a
convenient example to illustrate possible approaches to ensure equal power share between two
power flows inasymmetricalSPTE.

A closeup view of an automobile seat track is shown in Eig.The seatrack is composed of a
motionless frame and of a horizontal motor bracket attached to the moveable slides. An electric
motor is mounted at the top of the horital motor bracket. Both ends of the electric motor
armature shaft are connected by two flé&xikhafts to two gear boxes (see Bp. The transmission

is attached to the slides. The flsltafts are different in length.
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Short flex-shaft
Electric mot-:E
- 1
Long flex-shaft

Electric motor
Short flex-shaft

Gearbox

Gearbox

p Lead screw
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Fig. 3. Main components aisymmetricSPTS .

One of the flexshafts (the long one) is supported by a sleeve, while another one (the short flex
shaft) has no sleev&he difference in length of the fleghafts results in that the electric motor
bracket got skewed imediately after the electric motor is turned on. In addition, stiffness of the
flex-shafts also depends on direction of their rotation (either clockwise oterolockwise), which

is due to the actual direction of winding of wires when producing thesfiafts.

In Fig. 3, the sleeve is removed from the long fihaft. Worm gear boxes are used in the design
of the seat track. Tooth ratio of the worm gear isoaqual tau=7.5. Two lead screws are riveted

to the frame. External threads of the leaew/s and internal threads in the worm of the worm gear
box match to each other.

The occupant seat is rigidly connected to the horizontal motor bracket. Wéhhortzontal motor
bracket is moving, the occupant seat is moving back and forth as well.

Whenvoltage is applied to the electric motor, power from the armature shaft is split between two
ends of it. Rotation from the electric motor spindle is transchttieough the flexible shafts to two
worm gear boxes. Then the reduced rotation of the worma gothe lead screws. When the nut
completes one full turn, then the horizontal motor bracket travels through the distanoenofl

this way the automobilgeat is adjusted to a particular occupant.

The structure ohsymmetricalSPTES of the seat track is schematically shown in Big.

It is desirable the power is split equally: half of the input power should go to tHealaftgeabox,

and theri to the worm and to the lead screw. Another half of the input power goes totlike rig
hand gear box, and thé&ro the worm and to the lead screw. If this is ensured, the motor bracket is
moving steady either straightforward, of backward.

1.3.Root causes of poor operating of automobile seat trackeveral candidates for a potential

root causeof poor operating of automobile seat traale recognized in the current design of the
automobile seat track. Without going into details of conatttan of the issue, the research below
is focused just on one of them, namely, on difference betwe#ness of the flexible shafts due to

difference in length of them.

Under the operating load the flskaft is twisted through a twist angje, The following formula:

. _ Tl

=— 1
/ JG @)

is commonly used to calate the actual value of the twist angie,
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Fig. 4. Structure olasymmetricSPTS of an automobile seat track.

Here, in Eq(1), is designated:

T s the applied torque (N*m)

| s the length of thex-shaft

J sthe torsion constant for the section

G s the shear modulus, or, more commonly, the modulus of rigidity and is usually gi

gigapascals, GPa

The productGJ is commonly called theorsional rigidity.
As it follows from Eq.(1), the longer the fleshaft, thdarger the twist anglg, , and vice versa.
It is right point to mention here that torsion constant for the sectigris identical to the polar
moment of inertia for a round shaft or concentric tube onlyor other shapes] must be
determined by other means. For solid shafts the membrane analogy is useful, and for thin walled
tubes of arbitrary shape the shear flow appration is fairly good, if the section is noteatrant.
For most of the shapes there is no simple solution, and finite element analysis may be the best
method.

When torque of a certain valdg is applied to the short fleghaft,the flexshaft is twisted through

a corresponding twist anglyéiSh. The twist angle/ iSh, can be calculated from E.). The long
shaft is connected to that same eleatnmtor spindle. Therefore, when optng, the long shaft is

twisted through the twist angje’® . Evidently [see Eq(1)], an inequality 9 > >/ is observed.
As the twist angles iSh and/ ilg , the motor backet.

1.4.Possible ways to improve the performance of asymmetric8TPS In order to ensure high
performance of the seat track it is necessary to ensure equal twist angles for bothghaftex
Several potential solutions to the problem under idenation a briefly outlined immediately
below.

1 The diameters of the long Reshaft and of the short fleshaft can be specified so as to keep an
equality of the twist angles',ilg = /,Sh: the longer flexshaft, the larger its diameter anide versa;

1 The flexshafts can be made up from different materials wifferent mechanical properties:
the long flexshaft is made up of more rigid material, while the short-$leaft of more flexible
material;

Numerous other approaches also allowdqualizing of the twist angle,éiSh and/iIg . However,

at this point, the problem of unequal load share among all the power paths because of
manufacturing errors of theomponents ofsymmetrical splipowertransmissiorsystemsare
composed, is remained unsolved. This issue is discussed in the section immediately below.
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2. Symmetrical Split-Power-Transmission SystemsAsymmetrical spli#power transmission
systems comprise another gpoof SPTE.

2.1.Principal kinds and structural features of symmetricSPTS | nsyniimetrical splfpower
transmissiorsystems& Prff.S.P.Radzevich 2009 the actual values of the principal design
parameters oSPTS are identical in different power flows.

SymmetricalSPTZS of two different kinds are distinguished in this paper.

First, asymmetricalSPTS may feature a single source of input power [either engine/m&boM
), or other source of power], and certain number, of operating elementsQE) as it is
schematically shown in Fig,a. In this particular case, each operating elent@g, is powered

by that same source of powdg/ M. For the purpose of transmitting of power frdeg1 M to
every OF, a corresponding transmissiofRANS, is employed. The total number of the

transmissions is equal to theal number of the operating elemen® .

The input power from a single source of powd&/M, is split onto numerousn() paths.
SymmetricalSPTE of this kind feature equal power being transmitting through each path.
Examples obymmetricalSPTES of this particular kind can be found out in aerospace industry: gear
transmissiorfor the rotorcraft is a perfect example fmmetrical SPTS having the structure as
that shown in Fig5,a.

Second asymmetricalSPTS may feature multiple sources of input power [either engines/motors (
n) engines/motors, or other sources of power] and a single operating el€genfThe structure

of symmetrical SPTS of this kind is depicted in Fidh,b. In this second case, the operating
element, OE, is powered by several engine/motdt/M; simultaneously. A corresponding

transmission,TRANS, is employed for the purpose of transmitting of power from e&tiM; to
OE. The total number of the transmissioMRANS, is equal to the total number of the operating

elementsOE.
The input power from all th&/ M; is combired into a common path of power.

Examples of complex mechanical systems of pgasticular kind can be found out in design of
helicopter transmission where two jet engines rotate a single rotor.

In a particular casesymmetrical SPTS may feature a single engine/motdg/ M, and a single
operating elementQE, connected to each other by means of multiple transmisSi&t8N$. The

structure of asymmetricalSPTE of this simplified case is shown in Fig.c. A planetary gearbox
is a good example aymmetricalSPTES of this particular kind.

It can be assumed that a hypothetgyahmetricalSPTS can feature ki, multiple sources of input
power along with multiple operating elements. Besides no physical restrictions are imposed,
symmetricalSPTE of this particular kind are out the scope of this paper.

In particular casesymmetrical SPTES those illustrated in Figh, may feature a single transmission.
A possibility of such the simplification is illustrated in F&. Here, the structure ofsymmetrical
SPTS in Fig.6,a corresponds to that shown Fig.5,a; the sticture of asymmetrical SPTES in
Fig.6,b corresponds to that shown in Fgo; finally, the structure of aymmetrical SPTS in
Fig. 6,c corresponds to that shown in Fage. It is clearlat a totally degenet@case in Fig,c is
trivial.
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It is assumed in the above consideration that all the transmisJIB#NS, are identical (or, at

least, almost identicplto oneanother. In reality, they differ from one another only because of
manufacturing tolerances for the accuracy of the components the transmissions are composed of.

It is also assumed here that mechanical, thermal and other properties of all tleeospfa
symmetrical SPTS, those inbetween the power source(s) and transmission(s), as well-as in
between a transmission and the operating element are identical to one another (however, in reality
they differ from one another with the tderance for the accuracy of corresponding dimension).
The identical mechanical, thermal and other properties ensure identical behavior of each input and
output shaft for every transmissiohRRANS.

All the mechanical, thermaand other properties (those encountered in the analysis) of the
components ibetween the power sources and the transmissions are designatgg, as The

same is valid with respect to the correspondinggdeparameterl, . for the components of a
symmetrical SPTS, those irbetween the transmission$RANS$, and the operating element(s),

OE.
The design parametets,,y ; and L;, e are equal to all of the input and output shafts accordingly.
Manufacturing errorsare the root cause poor operatiorsyinmetricSPTE.

2.2.Planetary gearbox as an example cfymmetricalSPTS Planetary gearbe@s are extensively

used in industry; examples are readily found in the automotive, aerospace, and other industries. (An
example of a fivegpinion planetary gearbox is shown in Fig.

Planetary gearboxes with multiple planetary pinions enable a subktahiection in the size and
weight of the gear drivé concurrent with the number of pinions in the gearband only when
thetransmitted load is equally shared among all the planeibpis

Epicyclic gear systems have typically been equipped with s&gndunted planetary pinions with

pins supported on the input and output sides of the carrier. The torsionalipvivfdthe carrier,
positionaccuracy of the pins, machining tolerances of the planetary gear system components and
bearings clearancésall can contribute to poor load sharing among the planetary pinions, as well as
misaligned gear contacts in the deflected state. In the tradigpiwyclical gearing system, the
distance between planetary pinion centerlines is specified by the desigwithibea fixed rangé

it is widely recognized that load sharing is not evenly distributed among planetary gear meshes.
Furtheri stress, toois distributed invariably at mesh points. Load sharing and stress distribution at
each mesh point are heavilyfluenced by global design configuration; backlash tolerance;
component design tolerances; manufacturing accuracy; component deflection; eandl th
distortion. Figure8 shows in exaggerated form that contact is made at the meshkpgintof the

planet pinion before any contact is made at the mesh points of the other planets (assuming ring gear
makes contact with all pinisnat points K¢g p). In a rigid system, this condition imposes

unbalanced loading among tpkanetary pinions.

2.3.Elastic absorber of manufacturing errors.Equal (or almost equal) load share among the
planet pinion can battained by means of high accuracy of all the components that comprise a
planetary gearbox. This way is costly. Anothesgble way is to absorb the manufacturing errors

of reasonable values by means of thesa | lelastic alisorber of manufacturingrers6  ( or j u's
EAMEO, for simplicity).
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Fig. 7. Five-pinion planetary gearbox.

The purpose of the elastic absorbers of manufacterirgs is twofold:

1.toreduce the required minimum displacement of the planetary pinions

2.to make SPTES insensitive to manufacturing errors as well as to the displacements of other nature
Therefore, the following features are initedl to EAME:

1 EAME is elastic
1 EAME is preloaded by a prealculated load
1 EAME is Mounted between any two components of the gear train where an additional

degreeof-freedom is required to override the manufacturing errors.

If EAME is loaded by a prealculated value, the actual displacement of the pinions in the
planetary gearbox (in thBPTS) does not exceed the tolerancetfo displacement.

Consider a planetary gearbox for which the permissible rangeriativa of load share among the
planetary pinions is equal tbOR (see Fig9, uppefleft). The operating range of the deformation

ORy of the EAME needs to be the smallest possible; however, it must also be large enough to

absorb the manufacturing errors, as well as the planetary pinions displacement under operating load.
The two range$ ° OR, and ° ORy i specify a rectangle. In Fi§, a diagonal of this rectangle
forms an angley wi t h t he horizont al acoi so.f EAMBmast bete s i r

equal to (or less then):
c ¢ tany 2)

Once thecosti §fdesser mi ned, a rigint canatheg betconstructe@. t h
This line forms that same angje with the horizontal axis. The desirable joeformation of the
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EAME (see Fig9) is specified by point of interception of the constructedigditadine and the
straight line of the nominal (operating) loallo,. The predeformation, PD,, of the EAME is

calculated from the equation: B
PDea = (NLop -OR) cdly (3)

Calculation ofthe design parameters of the elastic absorber of manufacturing errors is based on two
parameters, namely, on ti€@R and on the® ORy.

2.4 lllustrative example of application of EAME. In a twostage planetargearbox, the preloaded

elastic absorber of manufacturing errors can be mounted in between te&afjssplanet pinion and

the secongtage planet pinidn(see Figl10). It is common practice to hob both the planet pinions

of the cluster planet pinionkor this purpose, it is convenient to assemble the cluster planet pinion
comprising two planet pinions. However, note that proper phasing of the pieetstion to one

another while assembling the cluster planet pinion is criticakpmésing errors ith planet pinions

can be catastrophic. The preloaded elastic absorber of the manufacturing errors is installed between
the two planet pinions of the ches planet pinion (see Fid0).

For equal torque share among the planetary pinions, the misph@gingust be zero. As the

misphasingD/ cannot be eliminated, it must be absorbed. For this purpose, it is necessary to

eliminate all the excessive degrees of freedom for one of the planetary pinions onréati
another. The planet pinions can be made-adjlistable by meams of implemeima of the
preloaded elastic absorber of manufacturing errors. An angular displacédjiertty be absorbed

by the EAME, canbe eliminated, when the linear displacemddit, is equal to:
DI = Dr &P¢ 4)

180°
In Eq, (4), the radial location of th&EAME is specified by the distanae. Deformation,DI , of an

elastic body under load, usually (but not necessarily) relates to the applied loagarly or (at
least) almost linearlyD =c T( (c is a porportionkity factor equal to the rigidity of the preloaded
elastic absorber). In such a case, the angtan be calculated from the formula:

f=tan 1) (5)

In the general case, when consi, the current value of is equal toc = dDl)’
The interval of bariation of the applied load should be known for the calculation of the design
parameteof the EAME.

It should be stressed here tHalastic absorbers of manufacturing errors can be used in design of
split-powertransmissiorsystems (including, but not limited to planetary gearboxes) of any and all
kinds, and sizes: aimall, medium, as well as of large size

Numerous splipowertransmissiorsystems are designed based on the approach outlined in this
paper2], [3], [4], as well, as many others

! RadzevichS.P. Planetary Reducelnvention disclosure, filed thiew Venture Geaidnc., Patent OfficéSyracuse, NY) on October 30, 2001,
patent pending.
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Ring gear

Fig. 8. Deviation of the actual position of planet pinionsasf rotation();:7 from its

desirable position¢),, .

Condusion: The paper deals with complex mechanical transmissions #itatéeplurality of paths

of power flow. Splitpowertransmissiorsystemsor just SPTE (for simplicity) is a common term

for mechanical transmissions of this kind.

Two principal kinds ofsplit-powertransmissiorsystemsare distingushed. They argymmetrical

and asymmetricalkinds of SPTS (Prof. S.P.Radzevich~2000). Structural analysis of complex
symmetricalas well asasymmetrical SPTS is performed. Significant similarities, as wels
significant differences betweeSPTS of these two kinds. It is shown that synchronizing of the
principal design parameterfor all the power paths is the reliable way to improve the performance
of asymmetricalSPTE (Prof. S.P.Radzevich2011).

A brief overview ofknown approaches for equal power sharing in planetary gearboxes is presented.
A novel method for equal power sharing in planetary gearboxes is proposed. The method is based
on use of the soalledfielastic absorbers of manufacturing errors o EAME U simplicity.

An illustrative example of the application &AME is provided. Use of the concept of elastic
absorbers of manufacturing errors allowssignificant improvement in power density being
transmitted through the planetary gearbdbhe elastic absorbers of manufacturing errors can be
applied in the design anhulti-flow gear trains of any type.
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Fig. 9. Determination of principal dggn parameters of elastic absorber of manufactu

errors (After ProfS.P.Radzevichcirca 2000New Venture GealSyracuse, NY).
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Fig. 10.Example of application of in the design of cluster planet pinion (.
proposed by Profs.P.Radzevictaround 2000, New Venture Gear, Syracuse, N\
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