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Purpose. To vdidate the nonlinear mathematical model of behavior and optimization of work regimes for the crane' svi-
brating systems controllable by mechatronics devices with magnetorheological fluid.

M ethodology. We used the methods of mechanics and mathematica physics.

Findings. The nonlinear mathematical model of behavior and optimization of work regimes for the study of the cranes
vibrating systems controllable by mechatronics devices with a magnetorheological fluid are presented. The behavior of con-
trollable viscosity fluid (CVF) under applied external (magnetic) field is presented as well. We have calculated the equiva-
lent damping factor based on the principle of energy dissipated during one cycle of damper work under the external
field of constant strength. When mass or stiffness is variable the equivalent damping factor can be set by adjusting the
strength of external field to have crane's vibrating damping system purposely/continuously working in the critical or
other chosen mode.

Originality. Use of fluid with magnetorheological effect in crane's system (in modes start/stop) can reduce significantly
unwanted overload, vibrations and resonances arising from them. Also it allows us to optimize the trgjectory of their motion
depending not only upon standard characteristics (displacement, velocity, acceleration), but also on time derivative of maotion
law of third-order and fourth-order systems (jerk).

Practical value. This paper also presents cases of applying periodically changing strengths of an externa synchronized
with cycles of periodica crane's motion of the vibrating system to continuoudy optimal control the damping force within
each cycle.

Keywords: noise control, crane's optimal vibration control, smart materials, nonlinear mathematical model, be-

havior, optimization, work regime

Introduction. Statement of the problem. It is known
that magnetorheological (MR) and dectrorheologica (ER)
fluids may be used for the cran€’ s vibrating systems control-
lable by mechatronic devices.

Magnetorheological fluids are suspensions consisting
of ferromagnetic particles in a low permeability base lig-
uid, usually ail (in some cases water) with surfactants to
prevent sedimentation. Electrorheologica fluids are sus-
pensions of electrostatically polarizable particles. Very fast
reversible changes (usually in milliseconds) of rheological
properties, especialy apparent viscosity and elasticity are
caused by the polarization induced in the suspended parti-
cles under applied externa magnetic flux or electrical
field. The particle chain formation and later changes from
chains to columns are observed. Thisis known asthe rheo-

© Jloseiikin B.C., Hosnrok 10.B., JIsmko A.I1., 2014

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2014, N2 6

logical effect. Thus MR or ER fluids behave as a Newto-
nian liquid (if base fluid has this property) without the
presence of polarizing magnetic flux or electrica field and
as a semi-solid when exposed to the field. This phenome-
non is associated with changes of yield stress of the sus-
pension. In effect, externa field fluid strength changes ac-
cording to applied external field. Thisfluid (or suspension)
under an externa field behaves as a Bingham semi-plastic
until the shear stress becomes equal to the yield stress,
which begins the onset of flow. The ER fluid behaves in
the same manner as the MR fluid when as external electri-
cal field isapplied.

Content analysis of the recent investigations and ar-
ticles. The known applications of MR fluids are in
brake/clutch design [1], engine mounts [2,3] and in vibra
tion dampers[4—6].

Early investigations of sound transmission loss (STL) in
the stiffness controlled space between two barriers with ER
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fluid between them under DC and AC voltage [7, 8] shows,
that due to increased mechanical coupling strength, the STL
decreases. The STL was investigated for various kinds of
ER suspensions in the frequency range from 100Hz up to
2kHz. Laboratory results showed that the normal stress de-
veloped in ER fluid has a significant influence on the mag-
nitude of STL. The tangential (shear) stress had a negligible
effect on the STL.

As an example, the (crane’s) vibration of a two degree
of freedom system with a MR damper is used to illustrate
the separation of the vibrating excitation source from the
system to reduce the negative effect from the unwanted
crane’s vibrations. This is very common example of an air-
plane taxiing over a wavy surface of a runway or a vehicle
driving over a wavy road surface. The MR fluid (MRF)
damper in this suspension design is used to separate, to
same extent, motion of mass m; which represents wheel
with attached masses, from m,, which is airplane or vehicle
body mass. This RF damper, with a controlled value for its
damping factor by associated control system (such as mech-
atronics control system), allows optimizing for minimiza-
tion of the amplitude of motion or force transmitted to the
airplane or vehicle body. The passive, the most common de-
sign, vibration suspension works in optimal conditions only
when the mass of the system varies in a narrow range and in
a certain frequency space. To improve/expand suspension
performance over a wide range of payloads and frequencies,
the active vibration control technique can be used, however,
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associated with this design, complexity, cost and power re-
quirements limits its application. With some compromises
in crane’s control effectiveness, the active vibration control
system can be replaced by a semi-active vibration control
system of the crane. In many practical applications semi-
active vibration control systems can be nearly as effective as
active vibration control systems used in some passenger ve-
hicles. The positive characteristics of this system are:

1. The semi-active system/suspension still works in a
passive regime even when the control system and/or power
supply fails.

2. The power requirements to control the damping force
of the damper with rheological fluid (RF) are relatively low.

3. By using MR fluid in a damper, a common passen-
ger vehicle 12 V DC electrical system is sufficient to
create effective the damping force. The force controlling
the electrical current usually doesn’t exceed a few am-
peres.

Response of the crane's vibration sysem damper
with a rheological fluid to the external field. The principle
of application of a magnetorheological fluid in damper de-
sign to control the magnitude of a damping force Fy in the
crane’s vibration system by applying electromagnetic field
resulted from electrical current (i) flowing in coils around
piston’s orifices is shown in fig. 1. The response of the
damper under an applied external field in this example re-
sults from the changes in apparent viscosity of the MRF
suspension.

b

Fig. 1. The principle to control damping force F, by applying variable electrical current i to change the apparent viscosity
of the MRF in the orifices: a — tangential stress control; b — normal stress control

The damping force F, is proportional to the apparent
viscosity of the RF in the orifices and its velocity ().
The viscosity (after I. Newton) is described as a relation-
ship between shear stress in a fluid (t) and observed ve-
locity gradient (ax/ah) in a fluid subjected to motion.
Characteristics Tgr = f(x) of a typical MRF are shown
in fig. 2. In the absence of an applied external field the
RF often exhibits Newtonian-like behavior associated
mostly with the base fluid physical properties. An ap-
plied external field changes this behavior and the rheo-
logical fluid in the piston’s orifices shows a variable
yield stress which depends on the strength of that field.
The apparent shear stress of the RF depends of two com-
ponents. One of them is Newtonian, proportional to the
viscosity of the base fluid and velocity gradient. The se-
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cond is controllable by the applied external field. The
controllable external field stress shown in fig. 1, b is sig-
nificantly higher in amplitude than in the design shown
in fig. 1, a.

Equation (1) describes the property of apparent shear
stress observed in the piston’s orifices when an external
field is applied.

T(RF}) = 70(RF}) +17- (%), ()

where yield stress 7o (RF;) as a function of the external field
caused by the magnetic flux density for x = 0 and Newto-

nian shear stress 7 - (a"c / 9 h) proportional to dynamic vis-
cosity of the base fluid n and velocity gradient 0% / on
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In the absence of the external field, the shear stress
T(RF;) of the rheological fluid behaves viscoelastically.
fig. 2 shows the behavior of the apparent shear stress of a
rheological fluid in a damper under an applied external
electrical or electromagnetic field. The electromagnetic
field can also be represented by the electrical current i
flowing in coils placed around piston’s orifices.

8
n(RE o=

Fig. 2. The shear stress versus velocity of a MRF under
applied electromagnetic field represented by current
1, where t,(RF;) — yield stress, T(RF;) — the shear
stress

According to fig. 2 the shear stress of a RF can be ex-
pressed as

az'RFl_
Oox

o(RF;) = o(RF, )+
The equivalent damping factor Cgp, is:

0
Cor =HTO(RE)+ TR, x}A}l
i ox X

where 4 is chosen oblique area.
The damping force F; at point of work is

Fdizf(RE')'A
The ratio of
OTpr
;F' :f[To(RFi)]a
X

needs to be established experimentally.

RF damper model for the cran€'s vibration system.
The balance of internal damper forces in equilibrium with
an external force (free body diagram) of a RF damper of the
crane’s vibration system is shown in fig. 3. The complex
damping force F; (which is also a response force from the
damper in motion) has two components, F,, which depends
on a damping constant C, (related to the piston’s orifice de-
sign and physical properties of the base fluid) and velocity
x, and F,;, which depends only on the external, in this case
electromagnetic field, represented by electrical current i. In
the absence of an external electromagnetic field and/or cur-
rent 7, the internal force F;,; becomes zero and the damping
force becomes F;;=Fy,
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Fig. 3. Model of the rheological fluid damper for a
crane’s vibration system, where F,, — viscous damp-
ing force; Fy,; — damping force controlled by exter-
nal field; C, — the apparent damping coefficient of
the RF; C, — a damping constant, F; — the complex
damping force.

The relationship between force, shear stress and velocity
is called the Rheological Fluid Model and can be expressed
in the general form as

RF
0 (RE)- A+ 28 45 550
ox
F,=<0 x=0.
oo (RE)- A+ IR 45 s<o
ox
Considering that

7(RF)- A= F,(RF),
represents damping force controlled by external field and:

0T pp

ox

which represented damping force proportional to the veloci-
ty x (see fig. 3) and is

Fdi:Fd0i+Fd7]’ (2)

represents the complex damping force.

Response of the cran€'s vibrating syssem with RF
damper. One degree of freedom cran€'s vibrating system
with RF damper. The free body diagram of a one degree of
freedom (1DOF) crane’s vibrating system with a RF damper
is shown in fig. 4.

In this model the instantaneous equilibrium of forces is

mi+C,, - X+ Fy,(RF)-sgn(x)+ ke =0,  (3)

where
C?] ").C+qu(RF).Sgn(x):Fd >

is the complex damping force.
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—— W

nt (crane)
Fig. 4. Model of a IDOF of crane’s vibrating system

with a RF damper, where m is mass of crane and k is
stiffness of crane

MRF
Damper

This can be expressed as a product of equivalent damp-
ing C,, and velocity x

F;=C, -X.

Two degree of freedom cran€’s vibrating system with
base excitation and RF damper. This model represents two
degree of freedom (2DOF) crane’s vibrating systems with a
base excitation system, having stiffness k; and mass m; in
the first stage and connected by a spring with stiffness k;
and a parallel attached controllable (by mechatronic system)
MR damper to the second mass .

X, Xz Xy
s y I
AN
iy (mechatronic
gstem) — ; (erane)
] Damper L

-

Fig. 5. The model of two degree of freedom crane’s vi-
brating system with base excitation, where de m; —
mechatronics system, k; — stiffness of mechatronics
system,; my —crane; k, — stiffness of spring; x;, x; —
axial coordinates of mechatronics system and crane.

Behavior of this two degree of freedom crane’s vibrating
system can be described by a set of two equations which are
the instantaneous equilibrium of the acting forces

{mz Xy = (3=, ) kg + (% = %, ) Ce
m - X, =(x2—x1)~k2+()'c2—5cl)CRF+(x2—x1)'kl

where

(562 _xl>'CRF = Fd

represents the magneto-rheological damping force.

The rheological complex damping coefficient complex
damping coefficient (Cgr) depends on the mechanical and
electrical design of the damper and rheological fluid used.

Equivalent damping in the crane' s vibrating sysem.
The response of the 1DOF crane’s vibrating system with RF
damper presented in fig. 4 under harmonic excitation force
Fy - sin wt applied to mass m is

mit + Fyo(RF)-sgn(¥)+ C, - i+ ke = Fy -sin(@r)- (4
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In this equation the damping force has two components.

One of them is a Newtonian type and it is proportional
to the velocity x, and a second, a semi Bingham one, which
depends on the strength of the external field and direction of
motion expressed by sgn(x).

The energy dissipated, AE, in the viscously damped
system per one cycle with viscous damping coefficient C,, is

27 277
Code 1
8, = Fys= [ €5 Zdi= [, 2ar.
0 0

Substituting x = X - sin(wt) and X = wX - cos(wt)
into above equation,

2

AE, =C,- ﬂwz - X? -cosz(a)t)]dt ,
0

then integrating, results in
_ 2
AE, =C, - @ X",

The second damping component represented by force,
F4(RF) in (2) yields the following expression for dissipated

energy
277
©

NE(RE)= Fo (RF)- [senl)- .

Then dissipated energy in one cycle of the damper be-
comes
%
j cos(ot)d(ot)-

0

AE(RF)= F, (RF)-X -

3% 2z
- [ cos(at)d(at)+ [ cos(ar)d(er) .
% ¥

Solving the integration yields that the energy dissipated
by a controllable by mechatronic system damping force
Fu(RF) is

AE(RF)=4-F,,(RF)- X .

To create a viscously damped system of equivalent en-
ergy loss, we obtain

7-Cp0 X =4-F)(RF)- X +C, - 00- X*.

Thus the equivalent damping coefficient C,, yields

4F,(RF)-X+C, 70 X?

eq
raX?
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In terms of equivalent damping ratio &,
and

_4-Fu(RF)-X+C, -7 0 X?

eq
27r-a)-a)n-X2

The 1DOF cran€'s vibrating system with equivalent
damping Cg, which will dissipate as much energy asthe sys-
tem described by (3) is

X+ 28 @ X+l -x=f,-sin(at), (5

where f, = Fo/m andw, = |*/im.

Thisis aso an approximation of the (4).

Conclusion. In this paper the analytical model of rheo-
logicdl fluid was formulated and the equivaent coefficient
of damping of the damper with a magneto-rheological (MR)
fluid based on the dissipated energy principle was calculat-
ed. The mgjor parameter in these calculations is apparent
viscosity associated with shear stress of the MR fluid under
an applied externd field. This equivaent coefficient of
damping alows the performance of crane’s vibration calcu-
lations and the design of mechanical systems to control with
a help of mechatronic devices unwanted crane's vibrations
in wider payload and frequency range that the crane's sys-
tem with uncontrollable damping. In addition, when avaria-
ble strength external field synchronized with the period of
crane's system oscillations is applied an amost unlimited
characteristic of adamping force can be obtained. The rheo-
logical phenomenon can aso be used to control sound
transmission loss of a multibarrier system with rheological
fluid placed between them. The increasing mechanical
strength of the fluid between barriers increases appar-
ent/equivalent stiffness of the system, thus the control of
sound transmission loss in a giffness control space is
achievable.
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Meta. OOrpyHTyBaHHS HEJiHIITHOI MaTeMaTHIHOI MO-
JIeNi TIOBEOIHKH Ta ONTHUMI3alii poOOYHX PEXHMIB IS
BiOpamiifHUX CHCTEM KpaHiB, 0 KepOBaHI MEXaTPOHHUMH
MIPUCTPOSMHE 3 MarHITOPEOJIOTIYHOIO PiINHOIO.

Metoanka. BukopucTani METOAM MEXaHIKUA Ta MaTe-
MaTU4YHOT (i3UKH.

PesynbTaTn. HapeneHna HemiHifiHA MaTeMaTHYHA MO-
JIeNb TIOBEMIHKK Ta ONTHMi3alii pexXuMiB pyxy (poGourx
PEXUMIB) BIOpALiiHIX CHCTEM BaHTAXKOIT JHOMHHX KpaHiB,
KEpOBaHMX MEXaTPOHHUMH IPHUCTPOSMH 3 MarHiTopeo-
JIOTIYHOIO pimuHOI0. Takok HaBeleHa XapaKTepHCTHKa
B'SI3KOCTI PITUHY, KO MOXKHAa KepyBaTH JOKIAJAHHSIM
30BHIIIHBOTO (MarHiTHOro) mois. bByB po3paxoBaHumii
eKBIBaJICHTHHI KOEDII[i€HT 3aracaHHs Ha OCHOBI IPHHITHITY
€Heprii, 10 PO3CIFOETHCS TPOTATOM OJHOTO IUKITYy POOOTH
nemridepa, TPy MOCTIHHIA CHITi 30BHIMIHBOrO Toyst. Komu
Maca abo YKOPCTKICTh — 3MiHHI BEJIMYWHHU, CKBIBAJICHTHUI
koedirieHT aeMndipyBaHHS MOKe OYTH BCTaHOBJICHHIA
BIZIMTOBITHIM PETYJIFOBAHHM CHJIM 30BHIIIHBOTO TIOJIS, 100
MaTHi HaBMHUCHY/MOCTiiHY po0OTY KOJMBAIIbHOIL, Aemiidep-
HOI CUCTEMH KpaHa y KPUTUYHOMY YU iHIIOMY OOpaHOMY
CTaHi.

HayxoBa HoBH3HA. 3aCTOCYBaHHS PiJUHU 3 MarHitro-
peosyoriyHM e()eKTOM Y KPaHOBHX CHCTEMax y pekumax
MyCKY/3yTIMHKK JTO3BOJISIE ICTOTHO 3MEHINUTH HeOakaHi
MIEPEBAaHTAKEHHS, KOJNMBAaHHSA W PE30HAHCH, II0 BHHUKA-
IOTh Yy HUX. A TaKoXX JTO3BOJISIE ONMTHMI3yBaTH TPAEKTOPIIO
iX pyXy, II0 BU3HAYa€ThCS HE TUIbKU CTAHJAPTHUMH Xa-
pakTepucTHKaMH (TIepeMillieHH s, IBHUIKICTh, TPHCKOPCH-
HsI), ane ¥ MOXiIHUMH Y 4Yaci Bil 3aKOHY PyXy CHCTEMH
TPETHOrO Ta YETBEPTOrO MOPS/IKIB (PHBOK).

IMpakTnyna 3HaunMicTs. PoboTa npeacrasisie BUnaza-
KU 3aCTOCYBAHHSI IICPIOTUYHOT 3MIHH CHJI 30BHIIIHBOT, CHH-
XPOHI30BaHOI 3 TEpiolaMH TEPIOANIHOTO TEePEMIIICHHS
KpaHa, KOJMBAIBHOI CHCTEMH JUIS MOCTIHHOTO ONTHMAllb-
HOTO YIPaBIiHHA CHJIOKO AeMII(ipyBaHHS BCEPEANHI KOXK-
HOT'O [IUKITY.

KirouoBi cioBa: ynpasninua wymom, 8iopayis Kparis,
HENIHIIHAG  MameMamuyna Mo0eib, MASHIMOPeoosiuHa
piouna

enb. OOOCHOBaHWE HEIMHEHHOW MaTeMaTHUYECKOM
MOJICJIY TIOBEACHHS M ONITHMU3AIMN PA00YNX PEKHUMOB JIJISI
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BUOpALIMOHHBIX CUCTEM KPAHOB, YIPABIISIEMBIX MEXaTpOH-
HBIMH yCTPOWCTBAMHM C MarHUTOPEOJIOTHYECKON >KHIKO-
CTBIO.

Metoauka. Vcnonb30BaHbl METOIBI MEXaHWKH W Ma-
TEMaTHICCKOHN (I3HUKH.

Pesyabratsl. [IpuBencHa HenuHelHass MaTeMaTHye-
CKasl MOJIETIb TIOBEICHNS M ONTHMHU3AINN PEKHMOB JIBH-
xeHus (pabounx PeKUMOB) BUOPAIIMOHHBIX CHCTEM TPY-
30II0ABEMHBIX KPAHOB, YIIPABIACMBIX MEXAaTPOHHBIMU
YCTPOMCTBAMHU C MarHUTOPEOJIOTUYECKOM IKUJIKOCTHIO.
Taxxe npeacTaBieHa XapaKTEPUCTHKA BSI3KOCTH JKUIKO-
CTH, KOTOPOH MOYHO yNpPaBJIATh MPUI0KEHUEM BHEIIIHE-
ro (MarHUTHOrO) 1oJisl. BBUT paccunTaH SKBHBAICHTHBIN
K03((hUIMEHT 3aTyxXaHusl Ha OCHOBE NPUHIINIIA SHEPTUH,
paccerBaeMoOi B TE€YEHHME OJHOTO IUKJIA PadOTHI JEMI-
¢epa, Tmpu MOCTOSHHOHM cmie BHemHero mois. Korma
Macca WIN KECTKOCTb — MEPEMEHHBIE BEIWYHHBI, SKBH-
BaJICHTHBIN KOX(pGUIHEHT AeMII)UPOBAHHUS MOXKET OBITH
YCTaHOBJIEH COOTBETCTBYIOLEH PpEryJUPOBKOH CHIIBI
BHEIIHErO TMOJs,, 4TOOBl HMMETh HAMEPEHHYHO/TIOCTO-
SHHYI0 paboTy KoyedaTesbHOM, AeMI(pHUPOBAaHHOW CH-
CTEMBl KpaHa B KPUTHYECKOM WIIM JIPyroM BBIOPaHHOM
COCTOSIHUM.
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Hayunasa HoBu3Ha. [IpumeHeHHe *KUAKOCTH C MarHu-
TOPEOJIOTMYECKUM 3P (EeKTOM B KPaHOBBIX CHCTEMax B pe-
JKAMAX IyCKa/OCTaHOBKHU IMO3BOJISIET CYLIECTBEHHO yMEHb-
[INATH HEXXENATeNbHBIE TIePEeTPy3KH, KoIeOaHus U pe30oHaH-
Cbl, BO3HUKAIOIE B HHUX. TaKke MO3BOJISIET ONTUMU3HMPO-
BaTh TPACKTOPHIO UX JIBIKEHNUS, KOTOpask ONpEAEsieTcs He
TOJIBKO CTAHAAPTHBIMU XapaKTEePUCTUKAaMH ([TepeMEILCHIE,
CKOPOCTh, YCKOPEHHUE), HO U MPOU3BOJHBIMH [0 BPEMEHU
OT 3aKOHa ABMXKCHUSA CUCTEMbBI TPETHETO U YETBEPTOI'O I10-
psankoB (PHIBOK).

IMpakTnyeckasi 3HauynmMocTh. Pabora mpencrasiser
Cllydal TPUMEHEHUS IEePUOAMYECKOr0 M3MEHEHUS CHII
BHEIIHEH, CHHXPOHH3UPOBaHHOW C MEpHOIaMH IIepHOANYe-
CKOTO TepeMeIICHNs KpaHa, KoJeOaTelnbHOW CHCTeMBI JUTs
TIOCTOSTHHOTO OIITUMAJIBHOTO YIIPABJICHHS CHIION aeMmdu-
POBaHMS BHYTPH Ka)KZIOTO IMKIIA.

KnroueBble cioBa: ynpaenenue wiymom, eubpayus
KpaHoe, HeNUHEelHAas MamemMamuieckas Mooeb, MAazHUmo-
DeoNnoUUECKAs HCUOKOCD

Pexomendosano 0o nybnixayii 0okm. mexH. HAyK

O.M. lawenkom. J[lama HAOXO0O0dCEHHS PYKONUCY
04.12.13.
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