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Abstract— In general termsthe mechanical systems (M S)
mean the systems of driving and driven machines arranged
to perform the required work. We divide them into M S op-
erating with constant speed and M S working within a range
of speed. In terms of MS dynamics we understand the sys-
tem of masses connected with flexible links between them,
i.e. systems that are able to oscillate. Especially piston ma-
chines bring heavy torsional excitation to the system, which
causes oscillation, vibration, and hence their noise. Based on
the results of our research, the torsional vibration control
as a source of given systems excitation, can be achieved by
application of pneumatic couplings, or pneumatic tuners of
torsional vibration. Existence of pneumatic couplings and
pneumatic tuners of torsional vibration developed by us,
creates the possibility of implementing new ways of tor-
sional oscillating mechanical system tuning. Based on the
above, the aim of the article is to present new ways of dan-
geroustorsional vibration control of mechanical systems by
application of pneumatic couplings and pneumatic tuners of
torsional vibration developed by us.

Keywords — torsion, oscillating mechanical systemgupn

matic coupling, pneumatic tuner of torsional viboat, ways of
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|. INTRODUCTION

The general characteristics of flexible couplings-
clude their dynamic torsional stiffness and dampingf-
ficient. It should be noted that, they are affedigdmate-
rial (metal, rubber, plastics), shape, number ainted-
sions of the flexible elements. It follows that yhéepend
on various factors, which are divided into stabhel an-
stable factors [1]. The shape, number, size antuar
structural modifications of flexible elements candided
to the group of stable factors, while the mateoiaflexi-
ble members to the group of unstable factors,rasuat of
fatigue and aging which are changing their origictaér-
acteristics. By changing original properties thésea
change of coupling characteristicg Mf(¢) (with respect
to initial characteristics), and thus a changetsfbasic
characteristics, which has a largely positive inmacthe
magnitude of the dangerous torsional vibrationhef me-
chanical system [1], [2], [3]-

It should be emphasized that any linear or nontinea
flexible coupling is only one characteristic, tilghcou-
pled to the used flexible element. In the case bfiear
coupling it is only one characteristic of a constdy-
namic torsional stiffness. Dynamic torsional se&ffs of
the nonlinear coupling varies in some extent®tharac-
teristics, obviously dependent on the working motithe

Any MS, in terms of dynamics, we understand the syssystem. Changing the characteristics of coupling ttu
tem of masses connected with flexible links betwee@ppropriate dynamic tuning of TOMS means the usanof

them, i.e. systems that are able to oscillate.oRisha-
chines, either drivers or driven units, bring te gystem
significant torsional vibration. This means that M&h
internal combustion engines, compressors and puwaps
be characterized as torsional oscillating mecharsgs-
tems (TOMS). In the range of operating speed tloare
be a very intense resonance between the driveudreq
cies (reciprocating machines) and the natural faqies
of the system. Consequently, there comes to arssixee
vibration and related excessive stress of the wihtg
The excessive dynamic stress often causes malfumofi
various parts of the system, such as:

= fatigue fractures of shafts,
= gear failures,
= deformation failures of flexible couplings and the.

Therefore, it is necessary to control their danggtor-
sional vibration.

Currently, the torsional vibration is reduced tpe-
missible degree by appropriate adjustment, respygti
tuning the system by application of an approprjate-
lected flexible coupling, based on a dynamic dakion.
Thus the principle of tuning is an appropriate dathmn
of the basic dynamic properties, particularly thy@amic
torsional stiffness of the flexible coupling to thestem.

other coupling flexible element or other flexiblaagt
coupling.

Influences such as: temperature of flexible cogpbh
ements and the number of cycles causes that, bgteff
external forces any flexible member of the coupliag
exposed to fatigue and aging. Consequently, thera i
change of coupling characteristics, and thus angdaf
its basic characteristic properties. This leadshi fact
that a suitably tuned TOMS becomes untuned. Alilexi
coupling in this case does not act as a tunerdiber as
a driver of torsional oscillations.

It should be noted that this method of tuning vod
suitable only in cases where no previously unfarase
(random) effects occur during the operating mode; p
ticularly in the turbo-machinery and reciprocatingp-
chinery [2], [3]. In case of random failure in apevating
mode of MS a very intense resonance of lower haignon
excitation occurs, which is usually unexpected. Buthis
fact, an intense torsional excitation causes irsaeaor-
sional vibration, mechanical vibration and henceossy
mechanism.

The torsional vibration control, based on the Itesof
our research, is achieved by use of a pneumatxibfe
coupling as well as by application of pneumatexithle
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coupling with auto-regulation — pneumatic tunertof-  sure p of the gas media in it. Varying pressuré evisure
sional systems. the fact that the coupling always works with diffet

The aim of this scientific paper will be presergatof ~ Ccharacteristics (Fig. 2), which is defined by tieenfula
the possibility to control dangerous torsional atiwn of (1)
mechanical systems by ways suggested by us, lygtun
and continuous tuning. Tuning of the given systemro- 4 6 3 5 2 1
vided by application of the pneumatic flexible pbog
while continuous tuning (tuning during operatior)tioe T
system will be ensured by application of the pnatien ]
flexible coupling with auto-regulation — pneumatimer 1
of torsional vibration.

Il. PROPOSED WAYS TO TORSIONAL VIBRATION CONTROL
OF MECHANICAL SYSTEMS

A change of the pneumatic couplings torsionafrstgs
can be realized by changing the pressure of gaseeus
dia, out of operation (Fig. 3) or during operatigig. 5)
of mechanical systems. This leads to two proposagsw
to the torsional vibration control of mechanicgstems
[4]:
= the torsional vibration control of mechanical syss

out of operation, ensuring the so called tuninghef
system [5], [6], [7], [8], Fig. 1. Differential pneumatic flexible shaft cding.

= the torsional vibration control of mechanical sys$

during  operation, ensuring the so called contisuouTo another characteristic other characteristipertes
tuning of the system [5], [9], [11]. always belong, thus still different torsional stébs and
Under the tuning of torsionally oscillating mechemi  damping coefficient. Therefore, each pneumatic kogp
systems with pneumatic coupling we understandrtfie-i  depending on the pressure is always defined byhanot
tion space of the coupling compression suitaldepres-  course of the torsional stiffness in Fig. 3, ascdibed by
sure value of the gaseous medium out of the operati the formula (2).
system. The appropriate pressure value of the gaseo M =a,¢ +a, 4 (1)
medium, and hence the appropriate value of therdima '
torsional stiffness of the coupling is based on phevi- 3
ously realized dynamic systems in terms of calamabf k=a,+=a,4°, 2
the torsional dynamics. The mechanical systemsduun 4
ing their entire operation with such inflated pmetic  \yhere: — twist angle of the coupling,

coupling. &, & — constants of the coupling characteristics.
The principle of the torsional vibration contrdi the The orsional stiffness, as the main component @& th

mechanical system during its operation at steaaly 4ty  field of the mechanical system tuning has a deeisifiu-

application of torsional oscillations pneumatiogu[2],  ence on the natural frequency of the system

[3] shows the adaptation of the basic dynamic pitogs

particularly the dynamic torsional stiffness of tmer to Oy =4kl oy, ®)

the system dynamic . The basic principle of theupmagic .

tuner is the ability to auto-regulate the twistlerdue to a Where: Jeg — reduced mass moment of inertia of the me-

current change of the load torque on a predeterrine- chanical system.

stant angular valuepx . This will ensure the auto- It therefore follows the basic principle of the rheni-

regulation of gas pressure in the compression spiattee  cal system tuning by pneumatic couplings. Its basii-

tuner, thus adapting it to the current value of ibad ciple is to customize the natural frequency of glgstem

T

t +
o-4
PN—

torque. Qo to the angular excitation frequenay so that in the
range of the system working mode there is no Eso®
[1l. CHARACTERISTICS OF PNEUMATIC FLEXIBLE SHAFT conditionem =Qy and hence dangerous torsional vibration.
COUPLINGS The pneumatic tuner of the torsional vibrationgy(Ri),

The differential pneumatic coupling (Fig.1) consisf ~ Which basic principle results from the patent ckai[],
the driving part (1), driven part (2), between thenare is  [11] is compared with the differential pneumatiaipting
located the compression space filled with gaseoms mOn a common structural base. The main differendbat
dium (air in our Case)_ The Compression space stmnef it does nOt have the va}lve, but the Contro_llert(_ﬁaa_nsure
three circumferentially spaced and interconnecif@rd @ coupling constant twist angig. The basic principle of
ential elements. Each differential element considtsa  the tuner is the ability to auto-regulate the tvaisgle due
compressed (3) and expanded pneumatic-flexible eld0 the torque current load change on a predetedhgon-
ment (4). stant angular valuey. This will ensure auto-regulation of

Interconnection of differential elements is provdey € gaseous media pressure in the compression space

the interconnecting hose (5). The filling of commsion :he tuner, thus adapting it to the current valueloafd
space of coupling through the valve (6) changegthks- orque.
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Fig. 2. Courses of static characteristics of tlffedintial pneumatic
coupling a, b, c, d, e, f, g shown in the geneeasion belong to pressure
of the gaseous medium at p = 100 + 700 kPa withkF@0
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Fig. 3. Courses of the torsional stiffness k ofditerential pneumatic
coupling a, b, ¢, d, e, f, g shown in the geneeasion belong to pressure
of the gaseous medium at p = 100 + 700 kPa withkF@0
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Fig. 4. Pneumatic tuner of the torsional vibration.

Auto regulation of he pressure of the gaseous medl%

has a direct effect on the characteristics charfgthe
pneumatic tuner (Fig. 2) Of course, for changeheftor-
sional stiffness value (Fig. 5), as a result, we ttame the
natural frequency of the system.

In Fig. 5 there are in general terms shown theegaf
the pneumatic tuner of the torsional vibrations &md
sional stiffness depending on the load torque. &che
constant twist angley;, k2, ¢x3 andey, based on a calcu-
lation one course of torsional stiffness labelleb,zc, d is
given.

k
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Obr. 5. Courses of the pneumatic tuner of thedoedivibration and
torsional stiffness depending on the load torque M.

IV. THE RESULTS OF THE INVESTIGATION OF THE PROPER
TUNING AND CONTINUOUS TUNING OF THE TORSIONALLY
OSCILLATING MECHANICAL SYSTEM

When investigating an appropriate tuning, or ang-co
tinuous tuning of the torsionally oscillating menical
system we mostly start from the Campbell diagraowsh
ing the position of the critical speed (or the position of
the critical angular frequenayyx) depending on the rota-
tional speed frequency N (or natural angular fregye
Qo).

Magnitude of the torsional vibration for the tumpiand
continuous tuning of the system is mostly presehted

= courses of the dynamic torque amplitude excitethby
torsional vibration in the mechanical system andcke
to the pneumatic coupling, depending on the speed.

A. Characteristics of the realized torsionally osdiifey
mechanical system

The examination of an appropriate tuning and contin
ous tuning was performed on a realized torsionadigil-
lating mechanical system (Fig. 6). The realizedesysis
composed of the driving part (1), pneumatic flexibhaft
coupling (3) and driven part (2). The driving pdotmed
a DC electric motor type SM 160 L with a powér o
kW and an auxiliary thyristor controller of theta-
tional frequency (4) type IRO with the possibiliy con-
tinuous control from n = 0 + 2000 minusing a pneu-
matic coupling that drives the exciter of the tonsil vi-
brations represented by the three-cylinder compreagpe
3-JSK-S. To increase the impact of the compresser t



Transactions on Electrical Engineering, Vol. 2 (3D1No. 3 73

sional excitation to the mechanical system we uaed |,.¢, +b(p, - 0,)+k(p, - 8,)=M, sinfiat+y,)

compressor without a flywheel. B oy L\ 5
The load of the torsional oscillating mechanicatsyn |29, ~blp, ~¢.) -k, -¢.) =0 ©)

by the compressor will be adjusted (regulated) witlot- n |

tle valve (6) integrated into the output pipe of thom- M, =ZMi-| +2| Bsin(icwt+y )+ B +5] (6)

pressor. = 12

The analyzis the pneumatic coupling load at wark  while dynamic coefficientsd, ¢ and phase anglgs , v;
the mechanical system in the steady state willnbesti-  are described by formulas
gated by a schematic model of the realized torsiosel-

lating mechanical system (Fig. 7). i) (25 )
o= 27? 2 2 (7)
HaT e
QO QO QO
£= ! , ®

SN2 N2 2
RGIREIE
QO QO QO
Where for the damping coefficienty2 natural angular

frequency of the systef}, and separation margin it is
applied

o - 1,1 Sl _in g
Z'X_b'[ll"'lzjv Qo_ k[t‘*'tj, ,7 QO N ( )

B. Results of a proper tuning of the torsionally
oscillating mechanical system

The Campbell diagram according Fig. 8 describes th
tuning of the realized mechanical system by thgeatial

11 T3 2 12 pneumatic coupling type name 4-1/70-T—C in the Gpee
range n = 0 + 2000 mih Operating mode of the system is
defined in the speed range n = 750 + 1500 'min

2000 12 3 2 !
wo LI/
L]
1400 ettt %
Fig. 7. Schematic model of the realized torsiasaillating mechanical — 1200 /// 3
system. "= ////// ¢
£ 1000 - b
z o LA L[]
When calculating the loads for the steady-state me- 0 ;/
chanical system within its operational mode, wepsise 400 |
that the mechanical system is rotating at an angpleed, 200 1
which varies in a wide range. On mass (1) withrfeess 0
moment  of inertia 4 a load torque 0 500 1000 1500 2000
My + M, sinf.wt +y) @cCts From the above it is clear that n [min”'|
N . U . 100 kPa 200kPa —300kPa  ——400 kPa
pneumatic coupling and thus the whole torsionaillasc S00kPa  ——G00 kP ——700 kP

ing mechanical system is loaded by both unvarialifle

time medium torque Min steady state and excitation of rig g The campbell diagram of the mechanical systéth the applied
harmonic components MOn this basis an additional tangential pneumatic coupling at the constantspres p = 100 +
component of dynamic torque ¢Ms introduced in the 700kPa.

pneumatic coupling. Thus pneumatic coupling willibe

this case loaded with load torques Mat causes the max-

imum twist angleps: The diagram shows the position of the critical spee
M.=M. +M () depending on the natural speed frequencies. Tdiose
s N a4 pneumatic couplings are nearly linear, natural ddee-
The magnitude of the additional dynamic torquewal quencies are shown by the horizontal straight laes, c,

lated from the equations of motion (5) can be desdrby ~ d, e, f, g for the entire range of the gaseous umedires-
equation (6). sure p =100 + 700 kPa. Based on the diagrams pib$si-
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ble to say that the pneumatic coupling is capableper-

The overall analysis shows that differential pneticna

ate at all pressures of the gaseous medium (p =+100coupling can be applied in the torsional oscillgtime-

700 kPa).

chanical system with a range of speed only in &-feae

On the other hand, in terms of the dynamic tunirey wcase of work of the piston device. In case of fao#used

conclude that the pneumatic coupling is suitabletiie

mainly by the piston device (unbalanced excitatben-

given system in the pressure range p = 200 to B@0 k dine cylinders, one disabled cylinder) it is toe uthe lin-

This is due to the fact that at the beginning &f tipera-
tion mode at p = 100 kPa there is a resonancethtffirst

ear coupling in mechanical systems with a rangeunf
suitable speed . The reason of this is that, im ¢hse,

harmonic component of the load torque speed n ®articularly lower harmonics cause increased aomitof
820 miri*, while at p =700 kPa a resonance occurs als®€ mechanical load across the system (Fig. 9).

with the first harmonic component but at the spaed
1480 miri".

Based on the above we shall in following focndtwe
dynamic tuning characteristics of the realized esysby
the tangential pneumatic coupling at the pressange
p = 200 to 600 kPa.

Based on the figure of the Campbell diagram itas-p
sible to say that a given coupling extends fromrdmge
of operating speed harmonic series i =2 + 12 driiecal
speed due to the main harmonic component (i = Bjes-
sures p = 200, 300, 400, 500 and 600 kPa appeatiseat
speed p = 330, 360, 405, 440 and 460 fhiThese val-
ues indicate that the realized mechanical systemels
tuned with regard to the operating mode beginnirgs
is confirmed by the separation margjr= i. n / N, which
for the investigated pressures has relatively kiglhes of
n = 2,3 to 1,6 for the investigated pressures. Atdame
time we can see in the figure that the harmoniesér 1
extends in the range of the gaseous medium prepsare
200 to 600 kPa into operating speed range (OSRQI-It
lows that when using the pneumatic coupling therea i

resonance with a harmonic component at these pesssu

Specifically, for the pressure p = 200, 300, 4000 and
600 kPa resonances occur at spegds 830, 1090, 1220,
1330 and 1430 mih

The tuning system realized by the pneumatic cagpli
for one disabled cylinder with regard to the mair @)
and secondary (i = 2, 1) harmonics within the apeg
speed (n = 750 + 1500mthis characterized in Fig. 9.

M, [N.m]
—
.

I~

4 AV N LNON
Al N ~
b :é
2 L N T

! || | |

750 1000 1750 2000

1250 1500

n [min'l]

100 kPa 200kPa  ==300kPa ==400kPa 500 kPa

=600 kPa =—700 kPa

Fig. 9. The dependence of the dynamic componethieaforque M at
speeds in the range n = 0 + 2000mirf the mechanical system on the
tangential pneumatic coupling application with danspressure at
p =100 + 700 kPa.

The results indicate that the linear differentialep-
matic coupling would be particularly suitable fbetme-
chanical system operating with constant operafiegd.

C. The results of the continuous tuning of the torallyn
oscillating mechanical system

The result of continuous tuning of the system redi
by a pneumatic tuner of the torsional oscillatigpet 4—
1/70-T-C is presented by the Campbell diagram ign F
10. In the figure there are represented eight feane of
the natural speed frequencies marked a, b, ¢, fdgeh,
corresponding to a constant twist angle of the pratic
tunerpx =0,5°1°15°2°25° 3° 3,5° 4fichare
characterized by a broken line.

Based on the Campbell diagram it is possible tatlsaty
critical speeds byx = 0,5° and 1 ° from the main har-
monic i = 3 of the load torque are in a sufficieigtance
with reqard to the start of the operating mode (n =
750 min) by the lowest pressure p = 100 kPa and also by
the highest pressure p = 700 kPa. This fact isicoatl
by the separation margin, which for that case laises in
the rangenigo = 2,3 andn;g0 = 1,51. At the same time we
can see that within the operating speed rangeeobyis-
tem, particularly for the speed n = 1480 thina reso-
nance is at the harmonic component series of by @k
= 0,5° and 1° of the pneumatic tuner with the masxim
pressure value of the gaseous medium p = 700 kidsedB
on the above it can be concluded that the constést
angles of the pneumatic tungg = 0,5 ° and 1 ° are not
suitable for the realized system.

By the minimum pressure value of the gaseous medium
of the pneumatic tuner p = 100 kPa with = 15° a
resonance occurs at the harmonic component it=the
operating speed n = 850 rifin With rising pressure up to
the maximum value no resonance is at the harmonic
component i = 1. For example at the maximum pressu
the separation margin for i = 1 has a valye 1,34. It
indicates that the pneumatic coupling with = 1,5 ° is
appropriate for the realized system except thénbety
of the operating mode.

When using the pneumatic tuner with constant angles
ok =2°%25°3°35°and 4 ° no resonanceithin
the operating speed range of the realized system &my
harmonic components of the load torque.

The results of the torsional vibration magnitudehe
realized mechanical systems in the case of a didahl-
inder are shown in Fig.11. They are characterizgd
courses of the dynamic torque amplitudes dépending
on the operating speed in the range n = 0 + 2008min
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Fig. 10. The Campbell diagram of the realized meiah system by use
of the pneumatic tuner of the torsional vibratippet 4-1/70-T—C.

It results from the overall analysis in Fig. 1httlthe

characteristic. The change of the flexible couptihgrac-
teristics, due to appropriate adaptation of its adyit
properties to the system dynamics means to uskesa-d
ent element of the flexible coupling or using afetiént
flexible shaft coupling. In any case, it is not gibfe to
forget the fatigue and aging of flexible materialdich
finally have a major impact on the initial dynanpioper-
ties. Thus the unsteadiness of flexible couplingastyic
properties caused by aging and fatigue of thekildle
elements and as well as the frequent failure rasome
other elements of the system causes the detunirigeof
tuned torsional oscillating mechanical systemhis tase
its tuning element, the flexible coupling, has sgbility
to remove or reduce the increasing dangerous takio
vibration.

Taking into account the given facts we proposese u
the pneumatic flexible shaft couplings developedibyn
order to reduce dangerous torsional vibration binod
tuning or rather optimal continuous tuning of tonsl
oscillating mechanical systems. Based on the preden
results it is possible to say that presented difféal
pneumatic coupling, as well as the pneumatic tofi¢he
torsional vibration, fulfil all the requirements rfaheir
application in torsional oscillating mechanical teyss.

lowest dynamic loads of the mechanical system & thgased on the detailed analysis of the realized aréchl

range of the operating speed n = 750 + 1500mimre
obtained at constant twist angles of the pneunatier
of torsional vibrationpx = 2°; 2,5°; 3°; 3,5° and 4°. It is
caused by the fact that the pneumatic tuner in ¢hae
acts as a highly flexible pneumatic coupling, tbaspling
with a relatively low torsional stiffness.

The results indicate that the pneumatic tuneroof t
sional vibration will be especially suitable for chanical
systems working within a range of operating speed.

M, [N.m]

i

€
/ L
! h
0 T

0 250 500 750 1000 1250 1500 1750 2000
n [111i11'1]
Pk = 0.5 =1 e LS e =2
‘Uk:zasﬁ _@k:y _(pk:3_50 _q’k:4“

Fig.11. Courses of the dynamic torque amplitudesd&laending on the
operating speed in the range n = 0 + 2000nfim the realized mechani-
cal system with application of the pneumatic tusféorsional vibration

V. CONCLUSION

Based on presented results we can say that negative
pact of the dangerous torsional vibration is pdesib
reduce by application of classical flexible cougn On
this occasion it is necessary to note, that eawalti or
nonlinear presently used flexible coupling has oohe

system we can say that linear pneumatic couplings a
especially suitable for mechanical systems opegatiith
constant operating speed. On the other hand, tee-pn
matic tuners of torsional vibrations will fulfil lathe re-
quirements of mechanical systems within a rangmpef-
ating speeds.
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