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Abstract. The possibility of isolation of the driving shaft the vehicle from vibrations of the
engine shaft using a coupling with a controlled dang element based on magnetorheological
liquid and a supplemental disc connected to theirdyior driven half—coupling is discussed
herein. The impact of the parameters of the cogpéind the feedback upon the amplitude—
frequency response of the system is analyzed. ttermonstrated that effective damping of
vibrations in the resonance zone is possible.
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Introduction

One of the key factors that limit the accuracy opr@cise mechanism is the impact
vibrations that appear in it. Various elastic eletaeare used for their reduction. In case of
rotating systems, flexible couplings are appliethr&tion-isolating features of usual couplings
with constant parameters are thoroughly studiethéosufficient extent [1]. Couplings with
controlled parameters provide new opportunitieschSeoupling is adapted to changing
excitation of the vibrations. The controlled dangpirforces can be generated using
magnetorheological liquid [2]. It is used in shoaksorbers of vehicles [3] as well as in drives
of mechatronic systems [4]. A controlled dampingcéis generated by the magnetorheological
liquid that is crossed by magnetic field generdigdhe electromagnet. The liquid fills the gap
between the parts of the coupling and thus a fogsisting to movement of the surfaces with
respect to each other that form the gap is gerterate

When using this controlled damper, its imperfectisnobvious: its vibration-isolating
features change abruptly on transition from one entodanother, i.e. depending on presence or
absence of current in the electromagnet. Althougthe constructions discussed upon in the
above—mentioned references the current is contrdiie feedback, certain indetermination in
analytical examination and designing of vibrati@elating systems of this type is unavoidable
upon certain parameters of excitation, in partigutatransitional processes.

In the presented paper, a flexible coupling th&tved eliminating the above-mentioned
imperfection is considered. It differs from the kwodesigns by the damping element that is
connected to the remained part of the system sigpalemental elastic element.

The structure of the coupling under discussion

The half-couplings 1 and 2 of the coupling undecdssion are connected to the shafts of
the engine and the working machine. The half-caoggliare connected to each other using
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freely deformable ring 3 that contacts with thespfhand 5 fixed to both half-couplings. This
connection is analogous to the one used in theteai®n described in the reference [5].

In the coupling, the role of the supplemental magdayed by the disc 6 connected to the
half—coupling 2 using elastic arc—type elementshat tare fixed to the disc and the half—
coupling by the pins 8 and 9. In the half-couplindhe electromagnet 10 is mounted; the lines
of its magnetic field cross the gap 11 betweenhddé-coupling 1 and the supplemental disc 6.
The part of the gap 11 between the sealants 1213nd filled with the magnetorheological
liquid. Namely this liquid generates damping forgethe coupling. The link between the half—
couplings is realized via the elastic elements & the magnetorheological liquid; it is parallel
to the elastic link formed by the freely deformabiey 3.

The electric current flowing in the coils of theeefromagnet 10 is regulated depending on
the vibrations of the engine shaft. The force tegisto movement of the surfaces that form the
gap 11 with respect to each other depends of theerduflowing in the coils. The current is
controlled by the feedback impacted by the sigfral® the sensor of vibrations.

Fig. 1. Scheme of a coupling with an elastic disc

In the paper, the possibilities of the couplingptotect the sensitive mechanism against the
rotational vibrations of the engine shaft are cdesed. In most cases, mounting of sensors of
vibrations in a driven mechanism is more compliddtean on the engine shaft, thus in our case
the possibilities of vibration—isolation by contiey the current flowing in the coils of the
electromagnet depending on the amplitude of thatiostal vibrations of the engine shaft are
discussed. For this purpose, an accelerometertedegnwards the directions of the tangent of
the engine shaft can be used. Earlier researcheshtivat the vibration—isolating systems of the
type under discussion are more effective when thgent flowing in the coils of the
electromagnet is proportional to the amplitude leé wibrations [5]. So, the signal of the
accelerometer should be integrated twice in theegy®f the feedback.

Two versions of using the coupling that are preueitged by the half-coupling chosen for
connecting to the engine shaft are possible. Ifhidlé-coupling 1 is fixed to the engine shaft,
the supplemental elastic link appears between tilggne (the source of the vibrations) and the
damping element. If the half—coupling 2 is fixedth® engine shaft, the supplemental elastic
link appears between the isolated object (the wagrknachine) and the damping element.
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Mathematical model of the vibration—isolating systen

The force resisting to the movement of the surfated form the gap filled with the
ferromagnetic liquid with respect to each othercpically does not depend on the speed of such
movement, so it is described as a dry friction malgtical consideration. The vibration—
isolating system examined in such a way can beideres an active vibration—isolating system
with controlled dry friction [6]. The value of thisiction force depends on the induction of the
magnetic field in the gap, thus on the current ftmpthrough the coils of the electromagnet. In
the case under discussion, this current will degemthe amplitude of the rotational vibrations
of the engine shaft. The moment of the frictiorcés that impacts the supplemental disc:

T, =T 0T @

wherer — relative resistance to the movement of the sagawith respect to each other (Kym
proportional to magnetic induction in the ga@, — area of the gap filled with the
magnetorheological liquidA — coefficient of transfer of the feedback betwdlea meter of
vibrations and the current flowing in the electrgmet,{;, — amplitude of rotational vibrations
of the engine shatft.

In the case when the elastic link is formed betwienengine shaft and the supplemental
disc, i.e. the half-coupling 1 is fixed on the emgshaft (Fig. 1):

L, +Cip+T, sigry = G, siy
|2(¢_’/7)+C2(§0_’//)_Tf signy = )
=C,&, sinmt
wherel; — moment of inertia of the driven shdft, — stiffness of rotation of the principal elastic
element (the freely deformable ring)— angle of turning of the supplemental disc wehkpect
to the half—coupling 1, — moment of inertia of the supplemental diSg;- stiffness of rotation
of the supplemental elastic element (arc—shapedieklements)o — frequency of vibrations.
The point over the variables means differentiatidgth respect to time.
In this paper, an approximate solution obtained applying the method of harmonic
linearization is used [7]. Then a member of thelin@ar system (2):
4T,

oY,

@)

where iy, — amplitude of vibrations of the supplemental digih respect to the half—coupling.

In accordance with [8], the stiffness of rotatidrttee principal elastic link on the base of the
freely deformable ring is:

B EI
C = 963352 : 4

whereB andC — coefficients that assess the initial deformatibthe free ringk — modulus of
elasticity of the material of the ring,— moment of inertia of the cross—section of timg,rd —
torsion angle of the couplin® — initial radius of the ring.

The stiffness of rotation of the supplemental éastement formed by arc—shaped elements
is as follows:

_nER
R K

C, ) (5)
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where n — number of the elastic elements (in the Figh 4 4), R — radius of location of the pins
in the half-couplingR, — radius of the curvature of the al€,— coefficient that takes into
account ratios of the geometrical parameters oélastic element.

If the supplemental arc—shaped elements are ditimiveen the supplemental disc and the
driven shatft, i.e. the half—coupling 2 is fixed thie engine shaft, the rotational vibrations of the
systems are described by the following system o&#gns:

1,§+Cip—C,(p—x)=(C,+ C,) &, sinm t
1,6—Cy (¢~ x)+T,signy = (6)
= (I2 0 —szo) sinot ,
where y — angle of turning of the supplemental disc wéhpect to the driven shaft. The other

marking is the same as in (2).
If the method of harmonic linearization is appliachonlinear member:

4T,

Y@

x5 (7)
wherey, — amplitude of the vibrations of the supplemedtat with respect to the driven shaft.
Research results and their analysis

In the vibration—isolating system under considergtiwo modes are possible. In one case,
the supplemental disc turns with respect to thé-balipling 1 and the moment of its forces of
inertia will have vibration—isolating features dfet coupling. In the other case, upon a strong
magnetic induction, the cohesion forces appeannghé magnetorheological liquid steadily
connect the supplemental disc and the half—coudlinige. the coupling turns into an ordinary
flexible coupling and its stiffness of rotation equal toC; + C,.

Vibration—isolating features of the coupling ardimed by the ratio of the amplitudes of
vibrations of the driven shaft and the engine shaft

_ P 8
7 ®)

In the case of the first connection, i.e. when shpplemental arc—shaped elastic elements
are between the engine shaft and the supplemestal d

(N-m2)"(N-p) 2+

(2,u+,uN +,uz)24—

2N +3uN+) ,
- Z + (X
241+ N?

72 || +N(1+2N)

e )
N(N-x)Z+ N )
[z ~(N+u) 2+ N[ (N-u)’ 2

2

where N =GCy/Cy, u=lofl;, d=AC, z- '1(‘:‘1’
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This solution will be valid when the supplement@cdcan turn with respect to the half—
coupling 1. Such mode exists, when;

[u(@eN)~(N-u?)] 2~
8 [1eN-(1+u) 2]

fo_ : (10)
[uz4—( N—,u) Z+ NJ

where

Yo 11
B : (11)

is positive.
Otherwise, the surfaces that form the gap shalhmote against each other and the ratio of
the amplitudes of vibrations of the driven shaft #ime engine shaft:

o= 1+N . (12)
(14N (14 0) 2]

Vibrations of the supplemental disc with respecthi® engine shaft will exist in one or two
frequency ranges. They do not appear in the loguigacy range because of low moment of the
forces of inertia of the supplemental disk, i.e tamping element does not operate. Damping,
i.e. relative movement of the surfaces formingdhae, will appear when the certain frequency
referred to as the opening frequengy)( is reached. The cohesion force in the rangegifen
frequencies is sufficient to ensure a steady lielween the supplemental disc and the half—
coupling 1. Such a mode is set when the so-caltesing frequencyZ.) is exceeded.

Namely, in the range betweeg and z..damping effect is manifested. If the parameters of
the coupling are chosen properly, resonance vidmatmay be damped efficiently.

In the range of higher frequencies, existence cfeaond opening frequency.d) is
possible: if this frequency is exceeded, the supptgal disc will move with respect to the
half—coupling 1 again. The dependence of thesaifnecjes on the parameters of the coupling
is presented in Fig. 2.
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Fig. 2. Dependence of the frequencigs z. and z,,0n the ratio of the moments of inertjg (
whenN =2 andé = \/E
In the Fig. 3, the dependenceambn frequency according to (9), wher,,<z <z, and z
> Zsopas Well as according to (12) wherk z,, and ze< Z < Zyop, iS provided.
It may be seen from the provided amplitude-freqyaemsponses that significant increase of
the amplitude of the vibrations in the resonanagezs avoided. In the case of a larger moment
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of inertia of the supplemental disc, an increaseilmfations in the range of high frequencies is
possible because of the increased moment of tkedaf inertia.

f(z.1)

a=
w
[=}
S
=}
S

z10=:
z11=5,00
z12=5,50

Fig. 3. Amplitude—frequency responses when the supplerelaistic element is between the engine shaft
and thediscanN =2, ¢= \/E upon various values oft =1/l

In the second case, when the half-coupling 1 edfito the driven shaft, the dependence of
the ratio of the amplitudes of the driven shaft ahd engine shaft on the frequency is
determined by solution of the system (6) usingrttethod of harmonic linearization:

[1(1+N)+(uZ - N)T Z( Ny ) -

2(1+N)uZ -
AN+ 2N+ )
- Z +|X
_gj +uN?+ u+ N
T || 42N (1+ N)
x[—N,uZA+(y+y N + Nz) 22} (13)

[,LJZ4—(N+;1+;1N) Z+ N:'ZX
2
x[y(1+ N)—(N—,uzz)} ?
Here, the notations are analogous to those us@].ihhe dependence (14) will exist, when:

[(@eN)~(N-u2)] 2~

—8122(1+N—z2)2
y2= 4 )0, (14)
|:IUZA—(N+,U+;IN) Z+ NJ
where
_Zo (15)
"7y,

In the contrary case:
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a= | TN (16)
(1+N—22)

The analysis of the solutions revealed that in ¢hise the range between the frequengjes
and z.. narrows and an increase of vibrations of the drigbaft in the resonance zone is
inevitable. However, no increase of vibrationsha tange of high frequencies was observed.

In the Fig. 4, amplitude—frequency response obthaezording to (13) and (16) is provided.

a=f(z,u)
w
8
8

z9
710=4,50
z11=5,00
12:

Fig. 4. Amplitude—frequency responses when the supplerelatstic element is between the driven shaft

and the disc upon various valuesiof I,/l; ,N=2, ¢ = \/E
Conclusions

1. A coupling with a damping element based on maghetdogical liquid and a
supplemental disc having a feedback between thénenshaft and the damping
element suppresses the vibrations of the drivenft seiciently, if a proper
combination of the parameters of the feedback headdupling is chosen.

2. Inthe resonance zone the coupling is more effidfehe supplemental elastic element
is inserted between the driving half-coupling amelsupplemental disc.

3. If a supplemental elastic element is inserted bebmie supplemental disc and the

driven half—-coupling, the amplitude of the drivdraft does not increase in the range
of high frequencies.

References

[1] Spruogis B.The devices of transmission and stabilizationotéiy motion. Monograph. Vilnius:
Technika, 1997. 476 p.

[2] Bica, L. Advances in magnetorheological suspension: Pramuand properties. Journal of
Industrial and Engineering Chemistry. V. 12, Isguduly 2006, p. 501-515.

[3] Kum-Gil Sung, Young-Min Han, Jae-Wan Cho and Seund3ok-Choi. Vibration control of
vehicle ER suspension system using furry movindirgli controller. Journal of Sound and
Vibration. V. 311, Issues 3-5, 8 April 2008, p. 26Q019.

[4] Spruogis B., Turla V., JakStas A.Universal coupling for shaft of actuators in meobaic
systems. Solid State Phenomena: Mechatronic SystathMaterials: a collection of papers from
the 1st international conference (MSM 2005), Vifiuithuania, 20-23 October 2005.

[5] Kavolélis A.-P. and others. Centrifugal Elastic Coupling. USA Patent No. 41489
Washington, 1978.

[6] Spruogis B., JakStas AResearch of the Efficiency of Use of Shock Absonvith Controlled
Dissipative Force in Motor Cars. Transportas — $pamt Engineering. V. XVI, No. 4, 2001.

[7] Kelly, S. Graham. Advanced Vibration Analysis / S. Graham Kelly Maaital Engineering;
204. Boca Raton (Fla.): CRC/Taylor & Francis, 2007

119

VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING 2009 MARCH, VOLUME 11,IssUE1, ISSN1392-8716





