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TI{E RECI,JPERATTVE INERTIA DRTVE AS AI.I OSqLI,ATORY SYSTEM

I. D. Yudovskii

Problems of improving the respouse specds of cyclic machines by using kinetic+nergr
aceumulators based on urechanisms with nonlinear position functions arc discussed. The
opcrating principle is described, tbe dltamics are anallzed, and tbe basic characteristics of the
s]Et€tn arc stated- Tbe properties of the system aFe compared u/ith those of a traditional self-
oscillatory system with elastic elements.

The response speeds and load capacities of cyclic transportation and industrial-tra"sport machines can be
incrcased by rsing recuperativc drives. In recuperation there is a periodic exchange of cnerry between the final
mcmber a.ud an accrunulator, and the Eotor mcrely courpcnsates kinetic-enerry losscs. Recuperative-drire cyclic
mechanisns are clscntially self-oscillatory s)'stens. Thrs, recuperative manipulator drivcs that sipificantly
improved manipulator cfficicncy have been based on a nass-elasticity oscillatory system [1,2].

At thc sanc tine, it is possiblc to build a reorpcrativc drive rsiag oscillatory s]rstcErs that do not have
potcutial-encrgl-accumulating elcments. Thc possibility of such oscillations follows from thc equation of motion
for consenratirre systcns [3] aq+0,5(daldq)q'�+(dfildq):0, which ad"'its of pcriodic solutions at constant
potcutial encrs/ II if thc incrtia cocfficient a is a periodic firnction of the generalized coordinate q. Cyclic

mcchanisns with nonlinear transfer fuuctions posscss thiq propert] [a]. In these mechanismg the speed of the
drivirg clement is nearly constant, but thc pcriodicity of the transfer firnction malces the travcl of the driving [sic]
elemcnt nouuniforu and is a source of paranetric excitation of elastic vibrations in tbe drirae.

For many mecharisns with wide linlr-5psgd rangeq interest focrscs on periodic aotions in which kinetic
cner5f is exchanged betweeu the linls of thc mechanism and the nariations of their potential cnergr is not a
material factor. Thesc mechanisms include inertia-typc reorperative drivcs (Fig. 1) consisting of massive links 1 and
2 joined by a transfer mechanism 3 whose position funaion is a dosed currre without singular points that can be
geDcratc4 for exanple, by a jointed-beam four-link [5J Fig 1b) or by a variable-ratio belt [6J Gig. 1c). In position
I, shaft O is statioaary and shaft O' rotates in thc dircction indicated by thc .urow. On transfcr to position II, shaft

O acceleratcs and shaft O' is braked to a stop, etc. Tbns, kinetic eners/ is cxchanged benreeu lids 1 and I
As the massirre links 69"", thc transfcr function between them naries theoretically from -co !s + o and

back with no discontinuitieq supporting exchange of kinetic ener5/ between the links at limited accelerations.
Automatic variation of the magnitude and sign of thc transfer function during motion sets up oscillations of links
1 and 2 with an anplitude determined by the kinemarics of the transfer mechanism, with no change in their
potcntial cnersf. We shall refer to this oscillatory s),sten as an inertia-typc kinematic oscillator.

The cquation of motion of asystem withweightless andnondefol6$lg 6ensfer-mechanism links andideal
couplinp in the mechanism has the form

(/, + /.u' ) ap+ /1rlu'e:*.1I1 * JIlu -0, (1)

where I, and I. are the EoEsBts of inertia of links 1 and 2, M, and M, are the moments of the exterual forccg
reduced to the linls; 8, rf, rP are the rotation angle, angrlar velociry and angular acceleration of link 1, u:rir/rp
is the trarsfer function, I is thc angular velocity of link 2, nd u' = du/dd.

Sincc the trrn(fer-mechanism position function of an inertia-type recuperative drive is a closed curve with
no breaks, its transfer function on segment [O,, 6J Gig. 2) is continuow and two-valued and cousists of decreasing
and increasing branches with asymprotes at points iD, and O.. The branches intersect the { axes at points P, and Pr.
The total emplirude of rhe osclliarions iD - Or - 6r. let us assume for the sake of :rgunent that the transfer
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rdinatc t-"J:oto"oo," tbat functiou by
u.(C); thcbranchthat corresponds tomotionwitha decreasingcoorrlinatcwillbc deuotcdbyu-(C).The directions
of 'rariation of tbe uansfcr firnction arc iadi.ared by thc arrows.

For a conscrnadvc s'lstcm' Eq. (1) can bc inrcgrated in quadratures

b)

t*ot*hh, (t=-rho)., Q=-tht8*,

; -  ;  _
whcre  r * -  J l i r *u* '  dq ,  T- - -  JYd-+z- tdg ,  o r - t ( i=*a=: ) -0 . r ,?* - - t r=u=

(2)

' ( ! - *u= : ) - : ,
or ot

i*-Ir'112, ,Fr-lffiis thc maxin'- speed qf link 2 and corresponds to the total energf Eo of thc s)Etcsr.
In the doublc iadiccs' the plrs sign corresponds to motion of link ! ia ths direction of increasing coordinate

C, aad thc minus sign corespouds to is motioa ia 1f,g dgs'grfing directioa Thc formula for i* takes aciouat of the
possibility of change in thc moaent of inertia of link 1 at poina ,0, aad lo for example on l&ai"g and gnloadi,g
of a manipulator grtp.

On thc phasc diagram, tbe secoad equadoa of (2), being rwo-valued, specifies a family of phasc paths eacb
ofwhich consisa of posirivc and ucgarirre bralches. Since u({) is conrinuors oB segnear [O,, bJ aad eqtral to J o
atitscads,thcbranchesofthepha<spathharrccoEEoBpoints rF(O,)-rp(O.)-0. i.e,thephasepathisaclosed
continuow eurrre an4 conscqueatly, describcs an osciilatory process. Ttc system's period T is dcicrained by ia
kincmatic (u) aad incrtial (i) charaaerisdcs aad dcpea& on the inirial coudicions rf,: I- [t*(O:) =r- (rp,;17rp,,.

Lct us illnstratc tbe propcrties of thc above oscillatory slateEs wirh refcrencc to ncchanisms with uansfer
fuaaions of thc form

u=(g) -+(On=g- ' - l ) - " ' r .  (3 )

This typc of firnction (Frg 3a) is generated in a variable-ratio bclt systcn wirh a bclt of consrant thickness
and suong'rariatiou of thc roll radii, in a hingcd four-link in which the distance berweeu ceurcrs is much grearcr
then $g lcngths of thc bee'.s and the anglc Qo is small, ia an ellipsograpb berweeu ia slidcq and in othcr
6gchanicrns.

Thc pcriod of the systeEr's qseilliliqns can be cxpresscd in terus of a complete ellipric integral of the
second kind

Fig;1
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Ftg 3. 1) 1 = 4,2) 1,3) 0.5, 4) displacement of load from points 6r = iDo in
points {z = iDo when I,* = 1.4 and Ir- = 0.7 Ir.

If i = 1, the period T = Zr/uo and the equations of motion of the liaks have the form g-tpo sin roof. $
--Oo cos 0)0t, where @o = %/Oo b the circular frequeucy.

Tbus, nro identical masses coupled by a transmission with tre"<fer function (3) fora a harmonic oscillator.
Its propcrties differ from those of a potentid-system harnonic oscillator. Thuso while the traditional harmonic
oscillator has anatural frequency and an amplitude that depends on initial conditions, the a.mplitude iDo is constant
in the systcm considered here and the initial conditions, which determine the total kinetic ener5/, specify the
frequency, i.e., the systcm is not isochroaous. Fignre 3a shows the tlenrfcr function and phase diagram for i = 1.
Figurc 3b reflects the influence of the incrtia parameter on the phase paths for I, = const and 4 = const.

Lct us consider the behavior of the oscillatory systen in the presence of dissipativc resistances reduced to
the shaft of the first flywheel (Mr = 0). In the cases of Coulomb, linear, and square-law friction, the moment of thc
rcsistanccforces tr I  , : i l ( . ,  Mr:a,og, I / , -pog:,respect ively,whereMrdo, Boar�e constantsandEq.(1)hasa

. solut ionof theform t loi(n,q):r l=(q)DirX(n,e),  where j= 0, l" l respect ively, forCoulomb,l inear,and
square-law resistancc; Dit b 6s damping coefFrcient and n is ,n" Ctdt .-bo

For Coulomb friction (Fig. 4a), we have Do*(n, 9) :1 l-p [2 (n- I ) O-O '+g] , Do-(n,9) :1 1-
pIiF)61',D-;ql, where p--Z.V I I,$o' .

Since Do decreases from 1 to 0 as n increases, the damping phase path is found to be inscribed into the
path of the conservative s)6ten, is pulled toward tbe segment [Q,, OJ (the amplitude of the osciilations), passing

across its ends, and terminates on it (Fig. aa).
F o r  l i n e a r  f r i c t i o n  ( F i g . 4 b ) ,  D , * ( n ,  e ) : 1 - z [ ( n - l ) V + V * ( q ) ] ,  D ' - ( n , q ) :  l - a [ ( n - l ) V + l l .

(O: )  +7- (q )  l ,  where

I nt*'-
r - l

[ 4O,$.-

1 9
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t l
7* (q) :  J (d**n+')  -o ' '  dq, I / -  (q) -  J ( i -*rr- : ;  -0 '"  drp,

o r t

V-V *(O!) +I/-  (O,),  a-an/ I , {n.

In this casc, thc damping coefficient depends on thc form of Lhe tt''n(fer function. Figrrc 4b shows rhe
phasc path for transfer fnnction (3) and i = 1.

For sguare-law fictiou (Fig 4c), D",(n, rp) -cxp {F t ( n- L)W +W +(q) I }, D.- (n, rp) -exp {F t( o-
t)  W+lV +(Or)+ tY- (e) I  ) ,  where

o o :

f f
l l l* (q) - J { i*+,,. ' )  - '  ,Jg, W -(q) - J 1i-+u-') - '  dq,

lv:lv,(o.) + t-y-_ (o,), F:f,ol/r.

Thc pha<s path of thiq case for trensfer fnnction (3) is shown io Fig 4c. In contrast to thc previons c"ses,
thc nature of damping docs not depend on thc initial conditiong sincc thc speed po does sot enrer into Dra. The
scgnent [Ou OJ which the phase path approaches asymptotically, passing across ia endg i5 rn:legsqrs to the focu
in potcntid s)'stem with linear friction.

Thc tiae of the n-th cyde in danping is determined from the formula

7o , : J ,  o1  
, - i - t -

i ,  tto,*(e) i. uo,_ (e)

For small values of 6 a and g, the dampiag coefficieuts can be treated as varying little from cycle to cycle
and can be taken out from underlhe integral sign. We then obtain approximate formulas for tbe ri'''s sf the n-th
cyc le  fo r  n  >  L  T^(n)= f  | /W,  7" , (n \=T i l -no .V,  To , (n )=T exp ln lV .

lr0 Yo

\
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Tbe most important property of the inertia-type recuperative drive as an oscillatory system is the possibility
sf 5uslaining the oscillations with an external nonperiodic energy source, i.e., the possibility of setting up self-
sustained oscillations. Thus, when a Eotor that caa be reversed autonatically at positions iD, and O, a.nd develops
a constant torque M. is introduced into a.li"sipative systen with square-law resistance, the oscillations tend to a
sg3lls limil 6ycle 19.:ri:."o=(Fig. 4d), where

tp. l : l?-II .B// ' Ie.rp(2pIY)-1], B - {explzp}7* (q) l+

+ exp (2p Iw *(a) +]Y- (e) l )  ]  ae.

We also note the possibility of setting up steady-state self-sutained oscillations with a nonreversible motor.
The oscillatory properties of the drivc are clearly illustrated by a model in the form of a material point

moviug along the closcd-path position function sf ths transfsr mechenicm and plotted in the scale p, in coordinates
s:g1f iQ, V:FrrD. The equation of motion of this poilrt mvdv*XdztYdy:Q agrees with (1) if the mass of the
poir;t m:I,lpr:i. and its velociry u-j cos z, where r is the angle benveen the vectors v aad * (tg r = y,') and the
conponents of the external forces are X:ill rlv"l/T, f :UJv". The projections of the velocity v onto the oces
correspond to the drive-mass velocities ;:p,sliQ, y:tr"rl. Rotational motion of the point in the model
corresponds to oscillatory motion of the recuperator.

It is obvious that for the conscnative systen (v = const), thc period of the oscillations can be interpreted
as the perimeter of the dosed path. For example, for the function (3), which represents a circle in x, y coordinates,
thcpathfori=lisanellipsewhoseperimctcrisdeterminedbyformuiasthatcorrcspondto(4).Ifi=l,thepoint
in the model moves along a circle. Obviously, the projections of its velocity onto the x and y a:res vary harmonically.
For a hinged four-liak with a nearly elliptical position function, the period of the oscillarions is given with high
accuracybytheaPproximateformulafortheperimeterof anellipsewithaxes 26:p1/i0.3lr-p"[rI(P,)-$
(P,) I : T =n[1.5 (c+b) -' l  c!,.

This analysis of the recupcrativc &ive points to thc conduion that an oscillatory s),stem based on it (an
inertia-type kinematic oscillator) will possess several properties rseful for vibration machines. Thesc properties
include: the absence of an equilibfium pnsition, a natural frequency, and variation of frequency with amplitude as
a result of absence of elastic linis, amplitude independent of initial conditions and mass of links, the possibiliry of
sening up steady-state self-sutained oscillations in a broad frequetrcJ r:rnge, and the possibility of oprimi-i"g the
motion of the final link by adjrsting ths 6enqfgy function.

Constant mechanism amplitude is inportant in the desip of cyclic-actios 1;anqport manhines for
autonated systens: manipulators [{, turntableg dampers, etc. Thug the power reguirement of a workiag
manipulator model with a lifting capacity of 0.63 kg based on an inertia-qpe recuperative drive is an order ol
m"gpitude lower than the powcr requirement of its analogs, and is much lighter and more conpact. It would seem
a promising idea to combine two or more final links into such a s)4sten and generate oscillations by exchanging
kinetic energy between them. Vibration machines of this type would require no energ/ accumulators at a[ and
would slirninlts &g diffisulties associated with resonance and the excitation and maintena.oce of vibrations at an
arbitrary technologically optimal frequency aad constant a.mplitude, as is often Decess:ry [8]. It would be possible
in mechrnisms with many final lhks to set up wave motions with succcssive exchanges ofkioetic ener5f between
links.
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In cornection with ttre development of high-rlse buildings, it has become a serioue problem to ensurethe evacuation of people during a fire from the upper stories of tau buildings ttrat are beyond the reach oftelescoping ladders from-fire enginu" [_Bl emoog tne equipment intended for the emer=ency evacuation ofpeople' a promising lsgs[eniss is the-"ilywh""!"-;;ilir1, *ui"u is snowr Bcbematicalry in Fig. l. Theload to be lowered 1 i6 attached to the end of a oat belt z tnat is wound onto a reel 3 attached to the shaft ofa flywheel 4' As the load desceuds, the belt urwirds rrom tle reel, decre."iog iru radiug. The impactvelocity depends on the radius of the reel at tle end of the dlscent and the momlnt of inertia of ttre frywheel.By selecfing these valuee we c2n ensure that the impact veiocity can be made as small as any value epecifiedln advance' After impact and the disconnection of tle load from ttre belt, the device can be lifted rapidly and
,T:Jlj nff""#l::"::Tr: 

the energsr that was stored in the fgwheer io"ine lhe descenL rhen, tie device
since one device is needed to ensure the consecutive descent of several people, it is lmportant thettle action be rapid' Because tle descent time le considerabfy greater tnao tnl tile neceaaary to rift the beltback up (ttre riee time), a problem to consider is how to ensure the most rapid descent of tle load by meansof the flywheel elevator' In order to vary the law of motion of the load or"" " surtcientty wide range, we caDuse a belt of variable rhislosgg' which is obtained by gluing a coveriag to the 'nder$ing belt, es was done, forexa:nple, in [2].

The following problem arises' It is n-ecessary to syntlesize s nssfionigp that ensures the fastestdescent of a load of rnass m from a height H, such tu"i tt" ronowhg conditioo"1"" satisfied: 1) the impactvelocity of the load should not exceed uo-; z; tn" acceleration auringiue a"-pG sloula be no less than -wpers0; 3) the Umiting permissible values of-the sbaft radius R are_ ltrnited by certain given, positive quantitieswhoee aquares equal a and b (c < b); 4) tle thicknese of the belt ehouli not be lelss ftan he. The determination
;3:rHff#:ffij ;:il""* 

of the flvwheel I reduced to the shaft of the reer, the rniuaf radius of rhe reel,

o"r""il"1?ijilr$:;ti:"rj;"u 
of energv, neglecting the mass of the belt and tie dissipative losses, we

s'(0 : 2ngtp (t)t[r + np (01, (r)where P(') = n21t;; t is the coordinate of the load, and g is the acceleration of free fall.

u",""Jll[:Ti:::il";r;l""l$;;:"j#fr" optimization has gome meaning, we have r >> mp(,). rhen, to

d (r) : 2mgtP (t)ll 
e)we compare the values of the velocities from Eqs. (1) ard (2). Their ratio e = /TTEF(77T-is a ma:rimumfor P(l) = b and fs3 minilorrm I, which ensures attatnqent at tbe end of tle descent of the velocity v0

e,^,-l/Tq-@@-$l
The quantities a and b are deterrnlned from Etructural considerations (c is limlted by the flerual rigidityof the belt and b by tbe size of the mechanism), so that we ueually l.[lve a/b= 100. The inpact velocity isthe same for descentfrom dif ferentheightE (vo= 1r8,. . . ,  2m/secl.  Ascan be Eeen, asHincrea'€8p €69;approaches rnity. Thus, for actual stru"tore j, rmax = f. f fo-i H = 100 m, and r max = l.0E for H = 200 m.Hence, for large H, Eg. (2) gives values for ttre uiilrty that differ utue froE tillract values of Eq, (1).
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Fig. 2

Tbe geometric relations for tbe rewinrling of the belt are cbaracterized by tie function

pi0t - - 6(l)
or ia iaregral form

t
p ( r ) - p ( o ) - [ 0 ( r ) a .

0

wbere 0(l) = 511)/i; b(r) is the thickness of tbe bell

Dlfferestiatiog (2) witb respect to lime aud rransformiog, accounting for (B),
Ioad we obaia

(3)

(4)

for the acceleratioo of the

u(t)- tP(l)- t6(0lngtr. (q)
coaditions r) and 2) taki'g iuto accoua! Eqs. (2) and (b) aasume the fora vf a 2mgHp(H)/I; -*p""= p(t)-
lb(lllm.g/L Tbe tine of descenr is deternined from rbe equatioa

, - f  o ,  - , / T F  o t' - - )  r i i t - l r  wJm
Takiog illo accouat the reladons obtaioed, we bave the following matbematicel formuletion of the problem.

Tbe fuactione 6(l ) and P(l ) are coDrected by tbe relatios (3), and auperinposed os tbese fuocti,o1s are tbe
coaEtrailtt corresponding to conditious l)-4)

P (A4tA; (6)
P(r)-160>-al :

o<a€p(o<h 
(? )

6(0>q>0,  G)
(e)

where t = vi/ ZaSE > 0; B = wpsr/EB a 0; end e, b, aad 6s are cettaia giveu poeitive quaatlties.

Ottt of all tbe furctions that are piecewise-continuous oa tbe segEeut [0, Hl lt is Decessary to find
funetioas o(l ) and P(l ), aad algo values of tbe paro-eter I tbet will eDsure a minimqm of tbe functional

!  . _t- l l ' I lPl lyal .  (10)

We ebould note thtt the conatraiDts (8) and (9) and Eq. (4) ere compatible only wben tbe following in-
aluaury ia satisfied:

b -  6oH > a.  
(1r)

We will call tbe fuactions o(l) and P(l) and the paramerer I rbar nrinimizes the funcrionsl (10) op$mal.
a n d w e d e s o t e t b e m i n t e r m s o f  6 . ( l ) ,  P t ( t ) ,  a n d l ' ,  a n d t b e v a l u e o f  t h e f u n c t i o n a l i n t e r m a o f  T .  c o r r c s p o n d -
ing to tbem.
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Fig. 3

we show tbat tie optimal solutioa is the followiag. The paranerer I. ia the Binin,tnr possible valueout of all the values of I tlat do not costradict tbe consiraints of the problem- For tbe f'actioas o. (3) endP'(l)' depenrling oa tbe values tbat ester into tbe condltions, there are lwo cases possible.

t' For B = 8,, where 81 is a ceftai! quaadty cbaracterizing tbe initial data, tbe sought fuacdoas coo-sist of two segEesrs separated by a certaio poiar slth coordinare s. For /et0. sl 6(ri16o, p.(I)-b-6ot 
,asd for le [S. HJ tbe sor.ght fuactions satisfy the algebraic equadoa

;6.( l )-P(n -  / .8
and differearial equation (g) with bouadary cooditioa

P. (Hl * l'A.
Tbe value of s is detero'ined fron tbe conditios of contiouitSr of tbe functiotr p. (, ) at poior s.

(12

(13

2' For 0 = B = Bs, the sougbt fr.nctioss consist of oaly the first seg:rreuq i. e., for rhem we have s - H.The form of tbe functioa pr(l) is shown in Fig. 2 for various B.

Tbe iadicared lorm of tbe optimal solutioa ie found beuristicauy froru tbe folrowing pbysical considera-tious' The quickest desceag correspoods to Llorio! of tbe load with EaxiEuE velocity, wbich is attaioed withmiaimum possible !ooDe!! of iaertia of tbe flywheel and Eaxinoun value for tbe radius of tbe reel The laneris attailed if tbe il]'itiai radius of the reel has tbe Eaxirl,lm perEitted value and is decreased in tbe slowesrway possible from aEoog ue Possible metbods, i. e., by the wiodiog of a belt of thickness 0o uaril tie beginoiogof caurping with minimum pero,issible acceleration -wfep leadtng to inpact witb velociry vs. Tbe secoqd case(0 = 3 = 81) boids Ior small w-per when tbe renainiog q-o"nuti"s tbat enrer inro tbe conditions are fixed. It ischaracterized by the fus3 tho3 fbr sadsfactloo of the constraior (?) tbe moEenr of inertia of the oywheel and lberadius of tbe reel at the end of tbe desceat will be so large tbat the iEpacr veloci,ty will be less tban vs, and theBection of variable thickaess will be abseal

we asgume rhat there exist cenaio other fuactions 3'11 1 ana illl saustving eonstraioB (6)-(9), and alsotbe other paraneter I, which g'ive the value? < ?. for &e iaregral (r0). Tben

r.-i - j t, iffio-tTilrot#t o.
0

w[ich leads to tbe iuequality

Fal-rP.(r)>o ( -7tr;
Note tbat according to rhe defini,tioo of l. we have i :. l.

We show tbal it is impossible for inequality (r4) ro be satisfied ar a single point of rhe segment [0, HJ.
we cooeider the segment [0' s]. substituting the value of P(t ) fron (4) into (1.r) and separariog i inro tlesu-  i  =  1+ a(-  = 0) ,  we obnin

(14)

j 1,r,, .-- 6 1t)ldt >(D -6J) J + b - F (q.
o

(rsl

Tbe 0rat terE oo the ngbt side of (15) ls positive by vinue of (ll.), snd r.bc secood - by vinue of consrraint(8). Ileace tbe inregral on lhe left slde of tbe tnequsllty is poaiuve, which conrradlcts lbe consrrainr (9).
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Tbus, on tbe eegmeot [0, S], iaequality (lll) is not satistied In particular, this is also tnre for S = H.
So Ior 0 = B = Bs, wbea tbe sougbt furctioa coDsisrs of onty tbe single gection o. (t ) = oe, it is proved tbar it is
irnpoasibie for a functionali< ?. to exist. Because inequalig' (14) is not satisfied at any point of tbe segment
[0, Sl it also follows tbat

P(S)- iP.(S) < 0.

We uow consider the segmeat [S, HJ. We introduce tbe auxiliary function

y(rl - tF(tt - dP. (01t.
wbicb must be positive ia order Bo satisfy (14). We let inequalitS (14) be satisfied at the poiBt ll, l. e., y(ll) >
0.

For satisfaction of the constraiat6 y(l) we caDnot aa8u.E,e arbttrary values at tbe ends of tbe segment
[S, HJ. FroE (16) it fouows that y(S) = 0. Ou the otber baD4 t3king inro account (U) aad constraint (6), we
bave y(I / ' f  = l f l r t  - ip.  (Hl l  - :1Te-u.e1H -0 ,  i .  e. ,  y(H) = 0.

Tbus, y(l) [a Dot positive at the euds of tbe segment [S, Hl, and within tbe iaterior tbere exists a point
at which J(l r) > 0. By vir:tue of tbe costinuitS' of tbe function y(t ) tbere exiets a segEent [o, I I including the
poiat 11 qTithin whicb y(l ) > 0 eve4rwhere, wltb y( o ) = y(p) = 0. Dilferentiatiag (14, witb gccounting for (3)
and (12), we obtain y'(l) = P(t)-16(l) + I. Bi. If we now uge consrrainr (7) ald tbe lact tbar i z 1, we arrive
at tbe concluaioD tbat y' (t) : 0. lt is clear tb"t

t

y (Il - y (a) = j ,' (r,) dI,.

Let y'(t) = 0 lor all lelct. F]. SiDce y(o) = 0, we cosclude that y(r) = 0 oB tbe segment betag considered'
which contradicts tls 3ssrrnptigD tbat tbe fuaction y(r) ls posiuve. We now asaurle tbat tbere eaist cenain
values of I tor wbicb y' (l ) > 0. Then for 12 = F tbe iDlegr8l on tbe right side is strictly positive. At tbe saEe
tine, y(p ) = 0 aa4 hence, tbe aaaunpEon made is not valid. Therefore, inequality (14) is sot satisfied over
tbe mdre legtoert tS, U1.

TbuB, it hes been proved that tbere do not exist aatigfacbry conetraists on the functioss 0 (l) and P(r)
aad tbe paraneter I, dlflerilg from tboce agsnng{ for whicb tbe iDtegral (10) is less thaa zr. We uow deter-
mine tbe values of the fuactiong 6r (l) and Pr (l) aad tbe parameter I..

From tbe parameter I. we made use of only tbe infonoatior tbat lt is the 6iai6'n of all tbe values of I
eatisflring tbe con$raints. From ineguality (7) for l = tl we bave

BI >H6(H)-P.(Ht.  (18)

We chow that tbe values of I for whicb lnequallties (6) and (18) are satisfied caunot be less then the
quaatity t. given by tbe eguatioDB

t. = atA (8 > 4); (r9)

l. - 6oilt(,1* B) (0< B < 8?). (30)

where B" corresponds to the equalig' of the values of l. fronr (fg) and (:J0)

1
I

Xf

(r6)

(1?)

9 1 r .
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From constraint (6) withaccount of (8) for the assumed values of I+ we obtain

P* (H\ :- a (B >. B.):

a ( P* (f/).=< 6oH Al(A + B\ (0 < I < 8:).

N. V. Gulia, IVL Yu. Ochan' I. D.

for DescenL Bulletin of Inventors'

(21)

(22\

For B = B, we let there be a certaitr moment of inertia i=\u/A (ir < 1) and the value P(H) = krz t'hat

corresponds to it, where k1 is an arbitrary coefficient. Substituting T ana F1II) into constraint (6), we obtain

k= \ .  1 ,  i . e . ,  F ($ .  c ,  wh i chcon t rad i c t scons t ra in t (8 ) .  Fo r0 -  B=82 ,  assuming t l r t ] i t i _1 " { (A+B)

auo F1H) = kdollA/ (A + B), from condition (6) we obtain k, = i1 < 1. If we now substitute I and P(If into (18)

and we convert, with account of inequalities (9) and (22), we bave ilB + k2A t 4 + B, which is incompatible

with the condition k2 : i1 < 1. Hence, it is not valid to assu-Ee that it is poasible for i to be Iess than I* '

Thus it is shown that, independent of the form of the functions 0(l) and P(l), the parameter I cannot be less

than I*, depending on the initial data and the constraints according to Eqs. (19) and (20).

We also establish an additional constraint on the quantity P(H). Considering (4) for I = H with accoutrt

of constraints (8) and (9), we arrive at the inequaUty

P(fl) <' - 6o/t. (23)

With decreasing B the upper boundary of P(H) from (22) increases and attains the limiting value from (23) for

81 = A(20sH-b)/(b-osH). Hence, for 0 = B = 81, it is necessary to allow for P(II) the range of possible valuer

c = P(H) - b-6oIL The boundaries obtaitred for I and P(H) are given in Fig. 3.

We find tlre 6*(I ) law on the segment [S, H] and the value of the coordiqate S. Substituting or (l ) from (3)

into (12), we obtain a differential equation in P* (t), the solution of whicb' taking account of the boundary condi

tion (13), will be tie function

Pn(f): (A + B) I'Hlb - I'B .

When this is differentiated, according to (3) we obtain

6r(0 : (/ + 8) I.H|F. (25)

We find the value of the coordinate S from the condition of coatinuity of t'he function P* (l)-Prt (S) =

pzr (S), where p1(S) and P2(S) are the values of the function on the sections [0, S] and [S, H], which have alreac

been found. Hence, we have the equation b-OoS- (A + B)HI*/ S + I'r B = 0, wbose roots are

Sr.z - 0.5[D * 8/' * VWI\'

We assume tbat the point of switching is given by the coordinate St > Sz. We consider tle functioo Yr(l) =

I [ p r * ( r ) -Pz t ( J )1 ,  wh i ch ,  on thesegmen t [S r ,  Sz ]  w i t baccoun to f  (  ) "oa (Z+ ) ,  equa l sy r ( l )= -oo l2+ (b+B I * )

t-(A + B)ItE Since Q and 52 are its roots, in the interval (Sr, Sz), the quantity Jr(l) > 0, i. e., y2(t) is a

pa r t i cu la rcaseo f  t l e f t r nc t i on (1? ) fo rF l l ; =P t * ( t ) '  i =1 ,  o=51 ,  F=S28nd ,  hence ,  i t sex i s tence i sa l so

impossible, atrd the sought value of S is

s : 0.5[b + BI' -1 -@B17oo.

The value of the coordinate s as a function of B is represented in Fig. 4.

By substitutitrg the optimal values obtained f or the functions o * (l ) and P' (l ) and the ParaEeter Ir into

expressions (6). .. (9), we can verify that they agree with the conditions of tbe problem.

As an example we slnthesize the mechanism that executes the quickes-t descent of tbe load for m = 100

k g ,  H = r 0 0 m ,  v s = z a / s e c ,  w p e r  = 4 ^ J - ; ; ; i ,  i o = o . r m m ,  4  = 1 t b m m 1 : = 1 0 - 1  m ? ,  b = 1 1 0 0 m m ) z = 1 0 - 2 u

F o r i t w e h a v e l = 5 k g m : ,  n i n I l . O f  6 ,  S = 8 1  m ,  h ( S ) = 0 . 9 6 m m ,  h ( H ) = 0 . 6 3 m m '  T h e p r o f i l e o f  t h e b e l t

and the curve of the motion of the load are sbown in Fig. 5.

L I T E R A T U R E  C I T E D
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It bas beeo proposed Iu $ar air bearings be used for vibration testing of large aod bearl' beam and shell

'tructures. Tbe purpose of sucb I beanag is ro take up rhe werghr of the tesreci oblect, to provide tbe suppon

plarlorm oI tbe ob.reci witb Decessa!]. degi-ees of ireedom, and ro provide vibradon isolauon between dle obiect

and tbe ambient medium. lnasmuch as tbe air bearing is a component part of the'tesr oblect-air bearingn

systemr it adds ils roass, stitfness, and energ3' dissrparion to this system' Tbese cbaracrerlstics of an air

beanag mugt b€ ciererziined before tbeir influence on the vibradon clraraclenstics of tbe tes! oblect can be

evaluated ln an earlier stud1. [3] data ]81,e been reporred on various designs of air bearings' bebavior of

Eucb beariDg6 uDder ssric load, and depenrience of their stiftness and dissi'padve properties oo geomerrical

ald pbl.Eical paranrerers. In rhis srutil'wil] be present data on the characrerisiies of air bearings under

lygqhig IOad- '

l . Teg l swerepe r fon redons ing l . r . connec tedanddoub l l . coanec teda i rbea r i r ysw i tb tbesamegeo .
metrical cbaracrenstics as before [2J. The rests were perforroed iu a stand fasiLitaung excilatios of lransverEe

vibratioss of air beariugs along tbe ox axis, Iongirudinal vibradons aloug tbe oZ axis, e'ad rcrsional vibrations

about both o)i and oZ axes. Tbe tesr of air beaings for longirudinal vibrations is shown scbematicall-r' in

Fig. 1. Two air beariags 14,. separat'ed b1' a spacer-plate 13, were placed beween cross-arrn8 13 of tbe rest

staad. Tbe pressure of compressed air entering tbe bealing cavi['was reccrried b1'manoEreter u eJrd tbe

axial force deveiopec b1' tbe ai! beanngs *r", -L""urec qritb d.r'namomerer 6. For exciti8g vlbratioss i! tbe

air beanag', tbe spacer-plate ls has been rigidll' conaected is tbe middle !o a special vibrator 6 eousistisg

of two bearos of recla,,g,,lar cross sectioD spaced sl,mmerrically about its loryiudinal axis and joined througb

tbree c:oss-arnS: one a! the center aaa oue at eacb end. Thision$nredon of tbe vibraror aakes ir possible

to varJ. irs flexural stifiness b|}. roatiag tbe beams a'oour rbeir Ioogirudinal axis aDd lbus varJ' the frequenc5'

of vibrations. Tbe vibraror was excired 55. al elecrronagle! r fed turough a model LIT-3 inverter 3' tbe

frequeucy of irs vibraE oss berlg regulared b;- meaus of a modei zG-16 audio oscillaro: 3' The vibrarioD process

was recorded tirrorgb BrL-rype vibrators I on a model l'-105 Ioop oscillograpb 3. Afrcr the vibrarions of tbe

,air bearing-sgacer-plate-vibrarcf sy8leE bave'oeeuluaed ro resonance (as lndieated bt'tbe sigual o! tbe

oacillograpb reachi* ilg BaJcrr.n), tbe plare suppll' of tbe invene! was s$'ilcbed ofl witb tbe vibrations of the

Blr",eE cbargirlg, as a resulr, lrom aread!' ones to decaying ones. B-v cbaagi'ng t'be orientadon of vibraror 6

asd tbe poi:lt ol iEs aEacbEest relative ,o-tba "p"""r-plate 13, also lr;- cbanging tbe direcuon of sction of tbe

exciUng force, lt was possible to realize all tbe iour given rnodes of vibration in tbe air beartlgE'

Tbe rccbsical cbaracteristics of tbe vibralor were: frequeocy rerge of narural oexural vibratioss in tle

fgsrtangq3sl mode 6-1E Hz, Iogaritbnic decrement of vibratios a:nplirude 0'01:' mass 265 kg' Tbe

, Tbis Brudy, iust as tle earuer oDe, was pertoned usder the guidauce of S. \ ' I\lalasbenko'

rrroe of I
mounl- I
inc !
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OPTIMUM BALI,{STII'IG OF WOI,ND FLYWHBELS

YudovsktY L D. (Moscow)

A crlterlon tor the optlmum value of ballastlng of r

wound anlsotroptc flywheel ls consldered' based on the

condltlonotachlevtrrgthehlghestvolumedenaltyofenergy.
Anlsotropy coefflcrcnls ere glven for the caseg most often

encountered ln practlce. { ftgs" 3 rele'

F lywheelsmadebywtndtr rgofh lgh.st rengthf t |amentcndf tbremater la lsare
dtstlngulshed Uy rrrgn-eriergy Ju;"tty "iO ""rury "galnst bursttng' One ol the problems

arlslrrg ln the developnr"nt-of theseilywtreels ls matntalnlng the compactness of the

wound rlm under the gctlon of centrlfugal forceg. A loss ol compactness ol the wlnd-

lng causes delamlnatlon and fallure of the flywheel'

Ftg. l. Dlagram of a wound . #l
flywheel wlth ballast: I | |
I - wound laYer, 2 - ballsst. ,lffi

Themostconvenlentmethodotpreventlngdelamlnatlonlsthe.loadlrrgofthe
lnslde surfaces of the ny*n""i*f,t Uattast whlih compresses the rlmJrom the Inside

durlng rotatlon. ,rn ar,riular element 2 (Ftg. l) devold of tangentlal stlltness, placed

l n s l d e t h e w o u n d r l m l . l s o f t e n u s e d a s " - b " u " . t , f o r e x a m p l e , a s e t o f s e g m e n t s o r
aheavypowder .nanywt ree t ,p rac t lca lcon.s |dera t lonsusua l lyde termlnetheex tern-
al dlameter; ln fact, a#;li;I, the volume of the element whlch concentrates the

energ]t. The problem arises of selectlng the lnslde radlus of the flywheel and the

relatlonshlps betveen the denstty of the ballast, lts thlckness, the denslty and thtck-

ness of the wound layer such that the maxlmum quantlry of kinetlc "Ttg,tt ls accumu-

lated ln the elfectlve volume of the flywheel, wlthout exceedlng the allowable stress'

l. e. the problem l8 that o( maxlmlslng the volumetrtc energr denslry of a ballasted

flywheel subJect to stress llmttatlons.- In thls formulatton of the problem the effective

volume ls understood ae the total volume of a cyllnder of given-lergth bounded by the

outslde radlus. g tne riywrreet ls a hollow cylinder, then lts ettectlve volume contalns

the volume o[ the hollow sPace.

Acy t lndr lca l f t ywhee lo fun l t th lcknesgwl th theouts |derad lusR6, lns lderad lus
r o , a n d | n s | r t e r a d l u e o f t h e w o u r d l a y e r x l s c o n s l d e r e d . T h e s p e c f l c g r a v l t l e s o f
the wlrullng and ballast m",uit"t, "t" 1g lnd 1u .respectlv^ely-' 

The- Seometrlc

dlmenslons of rhe flywheel are deflneA U! the tutittte quantlties 1 = ro/Ro and

r  =  x /R.

A coefflclent of ballastlng efflclency ls lntroduced

K5 = €s/I61s1, ( l)

vhere e* ls the errrgy &nslty and T-"1 are the maxlmum stresses'

,i:11
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For a rlm of cYllndrlcel shaPe

-_ t _i.(f l..-xt)t lr(x-r. ')r., (2)e.---ft

where E le ttre errrgy scculDulated ln the flyrrheel; w o rRo2 ls lts elfectlve

volume and tJ le lta angular veloclry.

l n R e l . l , t h e r a d t a l a t r e s s e g N a n d t a n g e n t l a l s t r e s s e s T w e r e o h a l a e d f o r
anlEotroplc wound rotor

iV(g) -1.0r'xt(-cpt*C,pt-'t0rg-t-'), (3 )

t(p)-1.ertx'[-ppr**(C,pr-'-Crp-r-r1l' (l)

where  o= (v0+3) / (9  -  k2) ;  p=3c  -  l ;  P  =PJr i  po  ls  thevar leb le  rad lue

(berween r^ end Ro)i k - lW4 ls the anlsotropy coelflclent; PE 
E-r 

i
,. 

-.i. 
irc?taettc m'o6utt ln the targentlal and normal dlrectlons and the Polsson

ritto ln the tangeotlal dtrectlon"

The l i les ta t toncoDatantaClar rdC2canbeobt . lned l romt l recond l t lons thar
the srresges 8t tlp pertptpry vadih and thJt no delamlnatlon taLes place' l' e' thcr n'

radlal terslle Etrelrsea Lccur ln the rto sven at the smellest locd oo the wlndltgs

. " " *oby theburs t tngPressureot thebs l laEt .Theseco lEtan tsgre foundtobe
(Ref. l)

^ c(tf3) r_. .  F _ cr(t-3),-r-.  (5)
C r - T t - ,  r r - T '

tt te ra eaeentlel hct that C1 erd C2 depeld oo r' L 
iP-dd 

be noted th't'

ll aome radlal tenclle atreaaes rre'ruowedin the wound meterlal beceuse ol rhe pre'

"uo.. of e bondlng eubstrnce, ths LDtegrstlon corulta[ts wlll rcqulre dllferem megnl-

tudes.

Aseumlug p = l, Eguatlon (3) ylelds the meglltu& of the rsdlsl atrees rt tlte

lnslde eurface or tne rtm iuch that delamloetlor ls svolded, namely

IV(l)-l.o'x'(-g'*'CJ'C,l' (6)

Tb lsa t reea lgcree tedby tbepreaeure} {oo l tbeba l l ro t leyerdr r r l ry the
rotatlon ol the rlm.

orerer rn l t leog tho t tbeper lpherye t ther rd lugx , l to rceprodr rcedby l r ln l
of the radlus eo "ii1* t6cklpea dpo ecto, nemely dll.-l.orprdpf./r heoce'

efter lnegretlon, lt lollowe tbat

" ltorr&-f (r'-r.'). (?)

Slnce No - - N(l), lt tollowE tron Bqustlooe (6) rnd (?) that the condltlon ol tlr

absence ol delimtoattoo tn the rlm ls

3(c-C,-d')r-T-fui (8)
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where 7 =fbhH ls the relstlve denslty ol the ballaet materlel'

It follows from Ref. I thst the l$gest tsnSentlal stresses ln r balleeted oyurheel

arlse at the lnslde surface of rhe rlm ("t p = l) and these stresses' by vlrnre ol

Equatlon ({), are equal to

1...-1.r,r'itl-P+t(Cr-Cr) l. (9)

UstrrgBquatlons(l),(2),(9),t lremagnttrrdeofthebaltasttrrgefflcleocybecomeg

l -r ' {-r (rr-r ' )
f,.-o,zs;Gt;iG;4tt . ( to1

ln thegerrra lcase,ananalyt lca leramlnat lonofEquat lon(9) |or themar lmum
value of t[ as a funcilon of the nro varlables r and r leads to a system of alge-

bratc equari'irii of hlgh powers. lbwever, for any concrete case of-ballastlng, it is

always posslble to calculate K6 numerlcally for different values of r, choose the

;p;il; value and ftrul rhe coriespondlng values of r and of the relative denslry y.

By way of erample, the condltlon of optlmum ballastlng of a flywheel wound of

steelwlrewl thout .bondlngmater |a lwl t lbedetermined.Thedlmenslonof thelns ide
bore of rhe tlywheel ls noi gtveq Ag wttl be shown below, the anlsotropy coetflclent

for the case under conslderatlon ls k = 2. O.

Flg.2showsafaml lyo l  Ko(r)  curveafor  r -0;  o ' { ;  o '6 ;  o '8:  obta ined

trom eqiattons (5), (8), (i0). lt-ls seen that a-marlmum value of ballasttng efficlency

(Kb=0 .2?8 ) l sach levedwt t i i  r =0 .6 ,  r=0 tT . . "Xd  t . : ? ' L1 ' .  ^ : : . : . : * " tw i re '  
t l r e

marlmum altowable stress ls T*tx = 3' 109 N/m2' wtlh thls stressr a unit of

volume bountbd bv ttre Uutt of r#'filrwrcel embodles an enerry density en = K5T-"r, =

= aili;:-lip i/#. Assumtng that itre space factor ol a wire wound rlm is equal to"

0 .?9 ,  t r f o l t ows ,n .  yn=s  i g ' t . a=o .  t  g / " -3 . . "nd  
Ju  :? . ' j , : . u , ; ' ^=  

13 '6  s ' l cmr '

the ballast can be msde'of uianlum powder placed ln a lead matrlr (Ref.3),

Thean|sotropycoef f lc lentkwl l |nowber letermlnedwl thgreateraccuracyfor
the most frequently used wound flywheels.

In wlndtng flywheels from a strlP or from rectangular sectlon wlre wlthout inter'

medlate layers of Lonrtlng material, thls coefftclent ls equal to unlry, because the

elastlc propertles of rheLaterlal ln such a flywheel are equal ln the radial and tan-

gentlal iflrecttons. lt ls easlly ehown rhat, ln_rhe case of ihe presence of an embeddin5

bondtng substance, the anlsotropy coefflclent ls

.-y@.
where 6n, 6" are the thlcknesses of the strlp and of the bondtng layer: E" ' E" are

thelr elastlc modull.

The magnltude of the antsotroPy coefflclent k wlll now be determined for the

cage when the rlm ls made of round sectlon wlre' grch a rim ls wound on a spool

w i tha l |a l lay .upof thewl reandconst l tu teswoundcy l lndersnes ted lneachother ,
where adJacent cylinders are wound In opposlte senses'
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o 4 r s ,

Flg.2. Curves of the ballasttng efflctency wlth dlffe-rent

dlmenslons ol the lnslde bore of the fllnrrheel (r = O;

0 . l ;  0 . 6 ;  0 . 8 ) .

ln theabeenceo la loadwhlchcompresses thewl re tu rns lnarad la ld l rec t lon ,
these cyllndere have a potnt contact. under load, the contact spot acqulres the ehape

of an elltpse, greatly extended along the wlre axls' lf the dlemeter of the rlm la much

targer than the dlameter of at. *trJ and of the wtndlng pltch, the elllpse can be

regarded ae betng extended so far that the contact "poi d"gen"t"tes lnto a contact band'

t. e. the turns lle ut"",iy "1o"" each other (Flg' 3)' The lntervallTl:""n the turns

are fllled wtth the uonoi'ng -"terlal whlch merely playe the part of flxlry the posltlons

of the wlndlng turns. r"I,"ovlng,rr" contact Lrw"un turns ln two adjacent layers of

t h e w l r e , e a c h t u r n t s r e g a r d e d n o t a s a t o r u s b u t a e a c y l l n d e r , l . e . t h e r a d l u s o [ t h e
turn ls regarded "" hd;;;: Thus, the problem la reduced to flndlrg the dlsplacement

by compresston ueweei ruo p"r"fLf "yilrrd"r", maklng contect along thelr generatlng

lln0s.

Flg.3. AnalYtlcal model to

determlne the enlsotropy

coefflclent for a wlre or

round aectlor\

I
'J

I t leaeeumedthatane lemerr to f themater la l lecompregsedacross thewl rd tng
by a force N, cauelng relattve stralns ln the materlal tn thls dlrectlorl whlch ere

equal to s. The elasttc mJulus ln the radlel dlrectlon when compresslve $resseg

are present ln the rtm r"-or"iou"rv egual to Er = N/c. The total delormatlon ln the

radlel dlrectlon ls th€ consequence of the epproach between ediacent wlres due to

contac ta t ta lna .Theao lu t lonof t t rc tb r tzprob |emfor thecontac tbe tweentwo
"yil.a"tt along thelr gpneratlng llnes ls (R€f' 2)



wber ree |a t l ew t re rad lue iB le theoodu lugo te las t l c l r yo f t hew i rema te r l a l ;
q le ttre load per unlt length of the wlre'

U, b the element under eramlnatlon' n cyltndere T:"I19'd' 
rhen ttte

total detormatlon of ,n" !f,-lit ls 6 (n - t)' arditre relatlve deformatlon ls

a .0(n 'll/2al.� Witr,'f"tgt ""iuu" ol n' 1,1:"n bt essumed tLui g = 6/2a' The

load per unlr ot wlre r""gtfri" eesoctateo wt:l:L stress by the equatlon I = 2aN'

Thue, E; = q/6, atd, t"iittg ""."ou* of Equatlon (ll)' lt becomes

Et = Blo.5?9 [ l. 35? + ln (E/N)I.

Assumlng Eo = o' ?98' the anleotropy coefflclent k becomes

{5

c-or?c*(r.9. ls),

r-ol7!tf,35T6iE7fr

( l l )

(12 )

Therangeofvar la t lonotk fo r rea l f l yvhee lSt ruc tureawi l lnowbecons idered
To thls end, dquatlon (12) ls rewrlttetr ln the form

r-o,crctTFiTiG

where 4 = N/Tmar ls the ratlo of the radlal stress ln the flywheel to the maximum

tangentlal stress; t., 
'-lti;.t 

-1" 
tT,It^t-"j"e straln of the rlm in thc tangential

oiri",roo, equal to the maxtmuiir-?llowable straln of the wlre'

Fo rma te r l a l sused ln themanu fac tu reo f f l ywhee ls , t r ; =0 .0 ' l . o .03 . fuch
a range of r., varlation fracttcatty does not ,"il""t upon the magnltude of k'

The value of 4 varles from zero at the flyrvheel perlphery^to a certain maxi-

mumvalue at the lnslde surface otthe rlm' nu-".'l: 
l-o.- 1"tu*/T-"*l 

'

;Gi;;; (3) - (5) vield the followlng etpresslon lor 4rnax:

o--1ffi;;l (r3)

In practlce, the ratlo of rhe lnslde radlus of the wtndtng to lts outside radius

varles wlrhtn tfr. rrmrtlli t = o' O - r' o' With such a varlatlon' lt is secn from

E q u a t l o n ( 1 3 ) t h a t , f o r k v a r y t n g l n t h e r a n g e b e t w e e n l ' 5 a n d 2 ' 5 ' 4 m a x d o e s n o t
erceed 0. l, 1.., d* noi-"i "',rl""""-t" flyw'heels do not exceed t0% of the nlaxlmum

tangent la lat resses. l t lsgeenfromthecurvelnFig. { that theanlsotropycoef f ic ient
ol a wlre wound flywneei-'ffu"i" f rnre from the value k' = 2' 0' whlch should be

adopted for stress "JGi;. fire st-n+-rl":-of k at n < 0' ol ls not taken lnto

account because lt o""ut" only ln a few flnal wlndings'

Recelved: 24. tV. l9?9.
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whrrc,  -  J  1 /J2 i  q.  = k /Jz,
, To dcd bricflt, wirlr dre casc when the acrodynamic

!::: 
"- bcdis;srrdcd, frg; f;;.iA;;locity, accer.

crauon ertd time of turn of the mcmbcr I depend on thc
rnde gr in conformance with the formulae 

'

i,-i,o,"(g,) : i,-i{c (er ) : r_r{9r)/.i,.,

wherc the functions <.r(gt ), e(pr ) and r(pr ) are analogs
of rtre velocity, accelerrtion ,rrd ti.. oi'n ; which are
unrcd to the anglc a1. bv the rcladonships

r(?r)- fr, .,r,,- ;#' r(e,)- iV,Utor,.
-In -FiS. 2 are strown the graphs of the malogs of thc

velociry qr and of ttre acceiqrition grna alro'a grdph of
the rnglc of urn 91 of the mcmber'1, as a function of
the. {rdog of time r for the mcchurisnt with whictr the
ratio / of the link rod lengtlr to the lcngth of thc arm
igud;3_,.and r-- t. Wirtt a maxirnum aigrlar vclociw of
9o = 5s-', and e corrgonding angrlar vclocit-v of tirc
manipulerors, thc maxihum aicctc-raUon ,ii = 1i,7g:a arr6
the time of turn is t = l_,Ss. Thc angle of rurn amounts in
this casc to p = 233,13c.
. lo Fig. I arc shown dre dcpendcnccr of p, r and e on

*: f::::l 
of the four-tinti rnechanbm as txprcsscd \tnc magninrdc of /. It is imponant that when / < 2,4, th;

maxinum accclcration of the membcr I is reachcd not at
the boundarics of thc c,vcle (""il €J; tr;; the case
in Fig.-2, but in the middle (*rv. "#). fni, i"i., i.

. 
porsible to rynthesizc arives, wittr *iiiAr *r. braking force'.. and acceleration veduces sroothly to thc boundarics of
+q c-vdc, whidr is panicularly uscful for a rcduction of
thc vibrations of thc arm of thc manipulator for a strarp

c.nmgc ot thc ovnarnrc loads at Ure begtnnrng and enr,. ulthe motion.
The totd urgle of tum r/ = 

160"-2 arc urn (/-t) aoernot depend on_thc dvnamics of the manipuletor and is
ocrcrmrncct olly by the lenghs of the membos of tlre
tour.unl( mecharusm. Co.ordination of the an*lc of tum
:l*: l:l_b"T I (Fig, l) with.the r"q"i..a *il" of nrm ,*..or ure manrpulator is ensurcd by a reducdon giar 4. i '

- The dynamic characteristics of the m.chanlrrn *.r.checked experimenrany on modcls "f . a.il.i,irici,

31;r_1T:i11lqlative braking both of revolving urd ofrcctProcaung mass6.
fr: 

9.. q:ot-c-d pr<lvcs the possibilin of an effcctive
usc ot a uvwhc€l.lever recuperator in drives of muripu!
alors.
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Fig.2. Dcpendcnccs of the angle of nrm 91 , and the
analogs ofvelocitv q, and of acccleradon e on the
andog of the time t(1, ll, til md tV arc the
draractcristic positions of the membcrc of a four-
unK mccharusm).Fig. 1. Sdrernatic diagrarn of a flvwhecl.lever rranperator.
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Fig. 3. Depcndcnces of thc total urilc of tum r/r, of rhe
analogs of acceleratiqr at rhi start of the motion
€e and of thc maxiraun acceleration e1tr4 and of
the uralog of rhe tirnc r on the dimcnsionlcss
value of /. AB/AC.
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DristcN. TqsTINc ,\ND RELt,\EtLtTy OF MACHINES
RE,CUPT:&\.TIVE FLYWHEEL DRTVE FOR NoN.REPRoGRA.VMAELE AUToMATIG MMUL.\ToRS

Vcsrnik .\tashinos rroeniva" \,o1. 6i, Issue .i. pp. 9- I I

l. D. tudovskii

The increase in the:peed of action arrd the load carrving
capacity of manipulators usually cnrails an incrcasc of ttrc
power of the drives and of thc d.rrnping dsvices, and also
an incrtase in the energy consumption. The reduction of .
thc ryde timc for existing manipulators is limited bv thc
demand for precision in the positioning of the moving
mcmbersr. Whcn use is madi of spcciai positioning
systcms. the drirrc becomes complicated and its functional
reliability ir lowcrcd. Moreovcr, whcn bralcing, thc khctic
energy is converted to heat whidr often lcadJto thc nccd
fol uli"g devicer for cooling and regulating hcat to main-
tain the stabiliw of the drive charactcricd&. At the came
timc, in a number of aniclcs, for examplc bv Akinficr
3n{ $orcnay.rA,", it lr suggested thit a recuperative
braling rystcm for thc moving componcnsr by'used in
manipulatorr. This providcs a reducrion in the power of
thc drive and thc cncrgy consumed, duc to drelce of the
bralcing cncrgy, which ir stored in +ring acannuliator:,
for the ncxt accelcration Thc porsibiliqv of spceding up
thc drivc action of a manipulaior.by ur ordciof rnainii.
udc is mcationcd by Alinfierr., which ar the sasre rcains
is porver thanls rc the use of a resrrperadon svsrcm.

In addirion ro thc recupcrarive drii'cs for manipularorr,
usc qln be madc of a flywhcel.lcvet reanpcratorr for non-
reprognmmable automadc manipularon and other mech.
anirms with a detcrminate displacement of the acruating
clcmcnu

The recupcrative Ovwhcel &ivc which is shown in the
diagrara of Fig I consists of thc ams I and 2 and thc
linh rod 3. The arm I is connccted through the transnriss-
ion 4 and the clutch 5 to mcmbqr whiclicffcct onc of
S" I3ST of mobiliqv of thc muripuliaror, c.g. rotadon
9",IiS I thge mernbcrs are reprcicnted by-thc flywhcel
6. The arra 2 is connccrcd by tlic transruission 7 and t}tc
djrtch 8-to thc flywheel 9 whictr is ur cnctgy acsumulator.
Thc dissipative losscs of cncsgy ue co-p.niLtcd by a
motor 10.

Thc lengttrs of the mcmbes of the four-link mcchanism
ar: droscn nrdr that whcn the ltrrr:l arc revolved from the
extremc posirions l, ll, lll, lV, tte trancmission rado
bctwcsn thcrn varics monotonicallv from 0 to t c. In
partiorlar. this occrrrr whcn the terig,hr of the armr I and
2 are the samc and tlrc lcng6 of thj tink rod 3 is such
that when one aml is pcrpindicular'to thc link rod, rhc
sccond lics on the samc ttraight line as the link rod
- Turning now to an examination of such a drive, the

clutchcs 5 and 8 are discngaged in thc pogition of sturd.
still of thc manipulator mcmbcn (the hywhccl 6 ic not
moving), and the membcrs of thc hingcd four.link
mechanism are set in the position / in such a way that
the anglc ,81A t C = 90c ana *rc an$e AIDB , = b. The
flywhccl 9 rwolves urtonomourly at Uis tirne or is
1_charged with kinctic cnergy by thc small-powcr motor
l-0 through the clutch ll. To set thc flywhil G in motion,
thc clutchcr 5 and 8 are cngaged and thc clutdr ll il dis-
€nga3cd The rcvolving flywhccl 9 ir now connccted wirh
the starionary flvwhecl 6 without urv shock, bccause the
transmission rado from arm I ro ann ? is equal to _ c.
When thc arm I tums from position / ro posirion //
through thc angle 0r . 90o, the flvwheef 6 is accclcrated

u.D.c. 621.856.8-8

by thc flvwhcel 9 and the traasnrission ratio betwcen thc
armr changes automatically from _ o to O, *t iC, **ro
i,":Ip,1-".:-.::1p."f t: flywhcct e h posirion 7. nra$ngor tne uywheel 6 and iu srop in poriion /// thcn ocqrrsthrgugh thc an$c Ar. fr. ny,"trt"f g is O.rrOv acceler-atcd to thc maximum angularveloci.y.-eft , ilir, ,fr.dutdrcr 5.and 8 are disaigagcd. .t t"rn "l tf,. "r_ f
$p e"ri.i- / to positioi#has tmu bcd-LL.awnuc prcrerhng a conriderablc palt of thc cnergy in dreBywheel 9 which is lcft to -ta.l ro."iy or,iiiduirea,to bc redrargef by thc rwersiblc ;r.J, id.'i;**r" "tura of arm I imo thc original position, U. J".f,", Sapd! are-.a1sard. urd the a"ti*, rr ir'air.rrild. whenurc rour.tulk mcdranirm passa into the poeiio-n lV, heIlywheet 6 is accetcratcd to q" nyrt Jl'iliiopp"arl.an.angtc of nrm of tbe ann t or botanJtf," irron"a6 is thcn bra&cd to a comphtc stop in;;;; or ru_of f2. After this. &c nedtarirn i*-r;A;;igi"a
porition. F"^T."sy losscs for rqrrords d;l ti;rr""r eare a result of ia dissipation due to,oiirr,"er'ir, ,i.dnrre lt rs cssendd hcre that :ul :t€curirtc ande of nrm(9 = 0r + ry't) of thc ann I b -r*ialu.o,ili,i"rly uy
the ratio of thc.tenghr of thc rncnrbcrs of thc four_lint
mecnanrnri rt dcpcnG on the dynamics of dre tutrr-onlv
T Terdr dre elasticity of the elcment "f tr. f.i"im"Ui
91t3 bcl1eln the flywheels. lWren thcre is adcquare
n8rdry, ure increasc of thc mass (or of &e momcnt of
T*i.,) of the driven mcubers of tf,. manip"lato. ana ottlrcvclocitv of bcir modon does not "ffeci ttri""curacy
of thc stop.

. _T: p"T"ip."i draractcrirticr of a manipulator will nowbl detcrmine4 using the recupcrator. It will bc assumed
tnar during motion the moments of inenia of the movingmcmbers of drc manipulator, rcduccd a" *r. .r- f , oo.
tT*an_gcd arrd equal toJr, and the momcnt of incrda
ot thc flywhcel 9, rcduced to thc arm 2, is equal ro J2.
- Thc equation of kinctostatic balance of thi mcmocn
l. and 2 during an acrodynamic resistance to motion of
thc manipularor has thc form.

ftir*fir*,.rir-0. (t)

^,1:-T 
and later or, 9r r gz,.itr , iz . qy, it arc the angles

or turn, counrcd [rom thc direction CO (Fig. l), the vil.
ocities and thc accelerationr of thc ..-L.i t ta Z,
rtspectively; u = iz li r is the canmission ,ati" from ium.
I j? 1.. 2 which dcpends on thc anglc A1 in conformitv
wirh known formulac, prcsented for examplc in
.{nobolcvskiit ;.k is a coefficicnt of acrodvnamic rcsistancc.

The equation (l) can be uansformcd to a ditfcrcnsiaJ
cquation of rhc form

(i*of ,{ '* g4,ir*c-o,' 6 ? r

Its solution will be, witlr due regiud for the initial condit.
ions (when 9r = 0,9r = 0, g, *o) the function

tr

,h-. f (t+"rl-..a1,
. 0
Y._-|i|-.:- '

1Vt+r.
(2t

|'ii'
'ArhoetAth Na sjnrg| /USS.lr.
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