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APPLICATION OF MAGNETORHEOLOGICAL ELASTOMERS FOR PERFORMANCE
CONTROL OF CUSHIONING SYSTEMS FOR WHEELED VEHICLES

The purpose of the work is to study the influence of the control of the elastic and damping characteristics of the cushioning
system based on the use of magnetorheological elastomers on the smoothness of the course of wheeled transport vehicles. The
technique. The research used the methods of: magnetic field theory, the theory of vehicle suspension, experiment theory
planning, and the FEMM code for studying magnetic field characteristics and mathematical modeling of wheeled vehicle
movement along roughness in the Delphi environment. Results. Designed, researched and patented designs of elastic hinges of
the suspension arms with magnetorheological elastomers. The relative boundaries of changes in the elastic modules and losses of
these hinges are determined when controlling the characteristics of the suspension in order to improve the smoothness of the
wheeled vehicle. Scientific novelty. For the first time, the feasibility of using magnetorheological elastomers to control the elastic
and damping characteristics of the cushioning system of wheeled vehicles has been investigated, and the requirements for control
laws have been determined, which make it possible to increase smoothness by more than 40 %; it is established that the control of
the loss modulus has a greater effect on the improvement of smoothness of motion than the control of the elastic modulus.
Practical value. The design has been developed and the relative boundaries of changes in the modules of elasticity and loss of
hinges with magnetorheological elastomers during their control have been determined, which will make it possible to formulate
requirements for elastomers when developing promising hinge designs for vehicle suspension systems. References 21, figures 18.
Key words: magnetorheological elastomer, control magnetic field, modulus of elasticity, loss modulus, wheeled vehicle,
cushioning system, elastic hinges, suspension performance control.

Memoio pobomu € 00CHiONCEHHs GNIUGY KEPYSAHHS RPYICHUMU MA OeMRQIPyIOUUMU XaAPAKMEPUCMUKAMU CUCHEMU
niopecopio6anna HA OCHOGI 6UKOPUCMAHHA MAZHIMOPEON02IYHUX eaCmOMepi6é HA NAAGHICHb X00Y KOJIICHUX MPAHCHOPHMHUX
3acobie. Memoouka. IlIpu 00cniodceHHAX 6UKOPUCMAHO MemoOu: meopii MAazHIMHO20 nONA, Mmeopii nidpecopr6aHHsA
MpPAHCROPMHUX 3AC00i6, meopii NIaHyeanns excnepumenmy, a makodxc nakem Femm ona 0ocnidycenns xapaxmepucmux
MAZHIMHO20 ROA MA MamemMamuine MoO0eal06aHHA PYXY KOJICHUX MPAHCROPMHUX 3AC00i8 NO HEPIBHOCHAM Y cepedosuuyi
Delphi. Pesynomamu. Po3poéneno, 00cnidxiceHo ma 3anameHmo6ano KOHCMPYKUIl RPYHCHUX wiapHipie eajcenie niogicku 3
Maznimopeonoziunumu enracmomepamu. Buznaueno ionocni mesici sminu mMooynie npyxcnocmi ma empam 0anHux wiapHipie npu
30ilicheHHI KepyeaHHa Xapakmepucmukamu niogicku 011 3a0e3neuyeHHs RNIOGUU4EHHA NIAGHOCHMI X00y KOJIICHOZ20
mpancnopmnozo 3aco6y. Haykoea nosusna. Bnepwe 0ocnidiceno OoyinbHicms 3acCMOCY8anHs MAZHIMOPEON0ZiNHUX
enacmomepie 013 KepyBanHs RPYHCHUMU Ma OeMARQIpylouumu Xapakmepucmukamuy cucmem niopecoproGants KoaiCHUX
mpancnopmuux 3acodie ma 6U3HAYEHO 3AKOHU KEPYBAHHA, AKI 003601A10Mb RIOGUWUMU nAAGHICIb X00Y binvuie nine na 40 %;
6CMAHOBICHO, WO KEPYBAHHA MOOYeM empam 6 OiLnbwiiil Mipi énaueac Ha RIOGUWEHHA NAAGHOCHI X00Y, HIMNC KepyeaHH:
Mmooynem npyyucnocmi. Ilpakmuuna wyinnicme. Po3pobdneno xoucmpykuyii ma eu3naueno 6iOHOCHI Mmedci 3MiH MOOY/i6
npyycHocmi ma empam WApHIPie i3 MAzHimMopeonoziunux enacmomepie npu 30ilCHeHHI IX KepyeamnHs, w0 003601Umb
dopmynioeamu eumozu 0o enacmomepie npu po3pooyi nepcneKMUGHUX KOHCMPYKYIil WapHipie ona cucmem niopecoproGanHs
mpancnopmnux 3acodis. bioin. 21, puc. 17.

Kniouogi cnosa: MarHitopeoJioriyHuii ejacroMep, Kepyrue MarHiTHe moJjie, MOAYJb NPY:KHOCTi, MOAYJIb BTPAT, KOJiCHUMH
TpaHCHOPTHUI 3acif, cucTeMa MiApecOPOBaHHS, NPY:KHi IIAPHIPH, KEPYBAHHS XapaKTePUCTHKAMM MiIBiCKHU.

Llenvio pabomut asnsemca uccie0o6anue 6IUAHUA YRPAGTIEHUA YAPYZUMU U OEMAPUPYIOWUMI XAPAKMEPUCMUKAMU CUCINEMDbL
nOOpecoplO6aHHA HA OCHOGe UCHOIb306AHUA MAZHUMOPEONOZUHECKUX IJIACHIOMEPOS HA NIAAGHOCHb X00a4 KOJIECHbIX
mpaucnopmuuvix cpeocme. Memoouka. Ilpu uccnedo8anusx UcCnoIb306aHbI MEMOObl: MEOPUU MAHUMHOZ0 NONA, Meopuu
noopeccopusanus MpPAHCHOPMHBIX CPEOCME, Meopuu RNIAHUPOGAHUA IKChepumenma, a makxyce nakem Femm onn
UCCNe006aHUA XAPAKMEPUCIMUK MAZHUNHOZ0 NOJIA U MAMEMAMUYECKOE MOOETUPOBAHUE OBUMNCCHUA KOJIECHBIX MPAHCROPIMHbBIX
cpeocme no nepognocmam ¢ cpede Delphi. Pesynomamoi. Paspadomansi, ucciedoeanvt u 3anameHmoansl KOHCHMPYKYUU
YRpy2uX WapHUpos puluazoé no0ecKu ¢ MAzHUMOpeonaozudecKumu rnacmomepamu. Onpedenenst OmHoOCUmenbHble ZPAHULbL
U3MeHeHUsn MOOyIell yRpy20Cmu U ROMePb OAHHBIX WAPHUPOE NPU OCYU{ECMEIeHUN YRPABTIEHUA XAPAKMEPUCIUKAMU ROOBECKU
0N obecneuenus NOGLUUEHUA NIAAGHOCHMU X004 KONECHO20 mpancnopmnozo cpeocmea. Hayunas noeusna. Bnepevie
uccneoo6ansl  UenecoofpasHoCmy NPUMEHEHUA MAZHUIMOPEOSIOZUNECKUX ITIACHOMEPOE ONA  YNPAGNEeHUA YRPYZUMU U
oemngpupylowiumu  XapaKmepucmuKamu cucmem noOPeccOPUBAHUA KOAECHLIX MPAHCHOPMHBIX CPeOCmE U Onpedenenbl
mpeboeanus K 3aKOHAM YRpasieHus, KOmopule n03601:110M NOGLICUMY NIIAGHOCHb X00a bonee wem Ha 40 %; ycmanosneno, umo
ynpaenenue mooyiem nomepv € 00buiell CMeneHu eausem HA NOGbluieHUe NIAGHOCHMU X004, YeM YnpagieHue mooyiem
ynpyzocmu. IIpakmuueckan yennocme. Pazpabomana Koncmpykuyua u onpeodenenvl OMHOCUMENbHbIE PAHUWLL UMEHEHUN
MOOyneil ynpy2ocmu u ROmeps WMAPHUPOE ¢ MAZHUMOPEONOZUUECKUMU INACHOMEPAMI. NPU OCYULeCIEIeHUN UX YRPAGIeHU,
YUMo NO3601UM CHOPMYIUPOSAmb MPEOOBAHUA K INACIMOMEPAM RPU PA3PAOOMIKe NEPCHEKMUGHBIX KOHCMPYKUUI WAPHUPOE
01 cucmem nOOpeccopusansi MpPaHcROpmMHsIX cpedcme. buodn. 21, puc. 17.

Kniouesvie ciosa: MarHUTOPEOI0THYeCKHUIi d1acToMep, YHpPaBJsioliee MATHUTHOE 110J1e, MOAYJIb YIPYTrOCTH, MOYJIb NOTEPh,
KOJIECHOe TPAHCIIOPTHOE CPeJCTBO, CHCTEMAa IOPeCCOPUBAHNS, YNpPyrHe HIAPHUPHI, YNPaBJeHHe XAPaKTePUCTHKAMH
MOABECKH.

Problem definition. One of the promising directions  characteristics of their cushioning systems (CS).
for further enhancing the smoothness of vehicles when  However, well-known traditional solutions of controlled
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CS joints are characterized by complexity, high cost and
unreliability, which significantly = impedes their
implementation on serial models of vehicles. One of the
main reasons for this is the invariance of the
physicochemical properties and characteristics of the
traditional materials used at the CS joints as a working
body. A possible solution to this problem is to apply new,
alternative, so-called smart materials, which can change
their properties under the influence of external control
influences. In particular, these include magnetoreological
elastomers (MREs), the modulus of elasticity and loss
modulus of which may change under the influence of a
control magnetic field. The development of new technical
solutions for the controlled CS joints with the aim of
improving the smooth running of the vehicle, simplifying
their design, providing the required speed of control at
moderate power consumption is an urgent scientific
problem to which the presented research is directed.

Analysis of scientific publications. In [1-3], the
technology of MRE production is presented: to the matrix
(of ordinary or silicone rubber, polyurethane, etc.), they
add a certain amount (up to 40 % by volume) of the filler
— ferromagnetic particles, for example, carbonyl iron, of
size from 5 to 40 microns. The mixture is polymerized at
temperature of about 150 °C. If this process occurs under
the action of a magnetic field, then a MRE with
anisotropic properties is obtained. Without field an
isotropic MRE is obtained.

In [4], it was experimentally proved that at harmonic
deformations of samples of MRE with frequencies of
1 ... 50 Hz, the application of the magnetic field increases
their damping properties in times.

In [5], the influence of the magnetic field on samples
of MRE at a strain rate of 10 Hz is investigated. The
damping properties increased from 4 to 18 times, depending
on the size and concentration of the magnetic particles and
the value of the flux density of the imposed magnetic field.
Saturation of MRE occurred at 600...800 mT.

The work [6] investigates a damper created on the
basis of MRE and intended for vibration protection of
precision equipment. It is proved that the damper
performance, which was 0.5 s, depends on the time of
transients in MRE. The speed can be adjusted by
changing the current in the control coil.

In [7], a comparative evaluation of different types of
dampers for precision equipment, including ones on the
basis of MRE, was carried out and its advantages were
proved. The damping efficiency increases with the
increase in the volume concentration in the MRE of the
magnetic particles.

In [8], samples of MRE were investigated, a matrix
of which made of natural rubber, and carbonyl iron (11 %
by volume) with 3.5 pum particles was selected as the
filler. The matrix was polymerized under the action of an
external magnetic field up to 1 T to obtain the anisotropic
properties of MRE. A sample with isotropic properties
was also investigated. In samples with more anisotropic
properties, the increase of the shear modulus when
applying a control magnetic field (0... 600 mT) increased
faster.

In [9], an increase of the shear modulus in natural-
rubber-based MRE samples was found to be up to 130 %,
and much more on silicone rubber.

In [10], samples of IRE with carbonyl iron content
up to 40 % (by volume) with a particle size of 1... 10 um
were investigated. It is proved that with increasing
volume concentration of filler particles the absorption
efficiency of vibration energy by the damper increases.
The control of the damper stiffness of MRE by means of
control current is confirmed.

The analysis of the presented works shows that the
range of changes in the modulus of elasticity and loss
modulus of MRE under the action of a magnetic field
gives the prospect of their application in the control
systems of characteristics of CS wheeled vehicles, but
studies of the magnetic and mechanical properties of
MRE are still in their infancy:

e samples of mainly small sizes and their small
deformations were investigated: since a magnetic field of
about 1 T is required to obtain the desired effect, samples
of the MRE were executed with a size in the direction of
the magnetic flux density vector not exceeding 1 mm.
Accordingly, characteristics studies are consistent with
samples with such parameters;

e the performance of control processes is poorly
researched and depends on the correlation of the viscosity
and elastic properties of the MRE;

o the relationship of the growth of the modulus of
elasticity and the loss modulus on the action of the
magnetic field has not been sufficiently investigated.

Therefore, the goal of the work is to study the
influence of the control of the elastic and damping
characteristics of the CS based on the use of MRE on the
smooth running of wheeled vehicles.

Tasks that need to be accomplished to achieve this
goal:

o to produce samples of the MRE with parameters that
are suitable for research and use in the CS;

e to develop and create a stand for magnetic field
influence studies on elastic and damping characteristics of
IRE specimens;

e to develop and create up-to-date measuring
instruments for research;
e to carry out experimental researches in the

conditions of the stand of influence of the magnetic field
on the static and dynamic characteristics of the samples of
MRE, including on the control speed and the ratio of the
modulus of elasticity and loss modulus during the action
of the control magnetic field;

e to develop the design of the joint with the control
device on the basis of MRE for the hinge of the CS lever;

e to carry out, by computer simulation, comparative
studies of the smooth running of a serial wheeled vehicle
with one equipped with a control system based on the use
of MRE in the CS;

e to develop recommendations for the use of MRE to
control the elastic and damping characteristics of CS of
wheeled vehicles.

Research methodology. In the general case, the CS
of wheeled vehicles is composed of elastic elements,
damping devices (shock absorbers) and guides in the form
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of levers that connect the wheels through the elastic
rubber hinges with the body of the vehicle. The rigidity
and damping properties of these hinges affect the
suspension characteristics, and therefore the smooth
running of the vehicle.

Thus, by replacing in the hinges of rubber with
MRE, it is possible to implement control of the elastic and
damping characteristics of the suspension as a whole.

The scheme of two-lever suspension of wheeled
vehicle is shown in Fig. 1, where the elastic hinges 4 of
levers are made of MRE. In order to control their
elastic and damping properties, electromagnets are
placed at the ends of the hinges, which create a control
magnetic field.
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Fig. 1. Scheme of two-lever suspension of the vehicle:
1 — wheel; 2 — lower lever; 3 — upper lever; 4 — elastic hinges of
MRE with control electromagnets; 5 — damping device
(shock absorber); 6 — elastic element (torsion)

To calculate the magnetic flux density, to study the
uniform distribution of the magnetic field in the sleeves of
MRE of hinges 4, and to choose their rational design, a
software package FEMM was used. The finite element
mesh was created in automatic mode, with the possibility
of adjusting it to refine the results of the studies.

The initial data for the research were the drawings of
the elastic sleeve, the physical characteristics of the
materials of the components of the magnetic circuit, and
the magnetomotive force created by the current that feeds
the coil. The magnetization curves for selected
commercially available grades of steel and MRE are
shown in Fig. 2, 3 according to [11, 12].

To prevent overheating, a current density in the coil
wire of < 10 A/mm” was limited, with action time of <10 s.

Several variants of the design of an elastic hinge of
MRE have been considered and investigated [10, 13-15].
The most rational in terms of manufacturing technology,
placement and maintainability option was chosen [15],
which is shown in Fig. 4.
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Fig. 2. Magnetization curves: 1 — cast steel; 2 — electrical
steel E11; 3 — sheet steel, 4 — perm
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Fig. 3. Magnetization curves: 1 — MRE with a content of 20 %
carbonyl iron by volume; 2 — MRE containing 40 % by volume
of carbonyl iron; 3 — pure carbonyl iron powder

O

1 2 3 4 5 6 7
Fig. 4. Design of the hinge of MRE: 1 — bracket; 2 - bolts of
fastening to the case of the vehicle; 3 — coil; 4 — end elastic

element of MRE; 5 — suspension lever; 6 — radial elastic element
of MRE; 7 — torsion

The results of the study using the FEMM software
package proved that in order to ensure the most uniform
distribution of magnetic flux density in the end 4 and
radial 6 elastic elements made of MRE (Fig. 4), one of the
surfaces in each of them must be made in the shape of a
cone.

Variation of the angle of inclination of the cones to
the axis of the torsion 7 allowed to obtain their rational
values, in which the magnetic flux density in the end 1
and radial 2 elastic elements of MRE was distributed
fairly uniformly, and the deviation from the average
within 10 % (Fig. 5).
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Fig. 5. Results of magnetic field distribution studies:
4 — end elastic element of MRE, 6 — radial elastic element of
MRE; 7 — torsion (numbering of positions according to Fig. 4)

According to the acceptable overall parameters of
the hinge and its coil 3 (Fig. 4), the value of the allowable
(by heating) magnetomotive force was F' = 1500 A. This
allowed to obtain magnetic flux density in the elastic
elements 4 and 6 within B = 0.5...0.6 T (Fig. 5).
According to [18], the modulus of elasticity and the
coefficient of rigidity should increase by 25 % and the
damping factor by 18 %, which is insufficient to achieve
the stated research objective. However, other sources
claim that this increase can be significantly higher [4, 9].
The reason for this contradiction is that the relative
magnetic permeability of MRE is small: at 40 % of
carbonyl iron by volume and B=10...0.5 T, i, = 10, and at
B=0.5...1 Titis still decreases to u, = 4 (Fig. 3).

In turn, in [19] it is recommended to increase the
magnetic permeability for practical use of MRE. Thus,
this  contradiction requires careful experimental
verification, which was carried out at a specially designed
stand, shown in Fig. 6 [16, 17].

This stand allows to carry out a wide range of
studies of the influence of the magnetic field on the
modulus of elasticity, displacement and loss of samples of
MRE. The influence of such external factors as gravity
and pull force of electromagnets is practically excluded,
and the closed magnetic circuit of ferromagnetics
increases the magnetic flux density (Fig. 7).
Electrotensometry method was used for research,
measuring devices were created on the basis of modern
microprocessor technologies (Fig. 8).

Fig. 6. Stand for investigation of mechanical characteristics of
samples of MRE (a) and the joint where samples of MRE are
installed (b): 1 — ammeter; 2 — strain gauge with analog-to-
digital converter (ADC); 3 — coils for excitation of magnetic
flux; 4 — cores of the coils; 5 — elastic samples of IRE under
study; 6 — deflection meter with strain gauges; 7 — magnetic
core; 8 —rigid range; 9 — flexible plate made of non-magnetic
material; 10 — hour indicator
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Fig. 7. Scheme of stand for research of samples of MRE:

1 — mechanical eccentric vibrator (frequency range 0... 20 Hz;
oscillation amplitude 1 mm); 2 — oscillating mass; 3 — coils for
excitation of magnetic flux; 4 — cores of the coils; 5 — elastic
samples of MRE under study; 6 — deflection meter with strain
gauges (w — working, ¢ — compensation); 7 — magnetic core;

8 —rigid range; 9 — flexible plate made of non-magnetic material
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Fig. 8. Measuring device: 1 — analog current amplifiers from
strain gauges; 2 — calculator; 3 — shielded cable; 4 — USB
connector of the digital signal output to the computer;

5 — power cable

The frequency range of the measuring device within
which the gain had a deviation within + 1.5 % was 0... 20 Hz.
The circuit of the measuring channel is shown in Fig. 9.

SG
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] i ] i i

Fig. 9. Circuit of the measuring channel: 1 — SG — strain gauges
of deflection meter (w — working, ¢ — compensation);
2 —shielded cable; 3 — analog strain amplifier AD 625;

4 — ATMEGA 328 calculator with ADC; 5 — personal computer

Samples 5 (Fig. 7) were studied in the shape of rings
with an outer diameter of 20 mm, a thickness of 10 mm
and a central hole with a diameter of 6 mm, which were
made of MRE by known technology [6].

Silicone rubber was used as the MRE matrix. The
carbonyl iron content by volume is 40 %, the size of the
magnetic particles is 5... 10 microns.

To create the anisotropic MRE structure, the
polymerization of the sample material was carried out in a
thermal cabinet at 160 °C for 2 hours and in the presence
of a magnetic field B = 0.6 T, the vector of which was
directed to the surfaces of the samples in the same
direction as the magnetic flux density vector of the
control magnetic field would be directed (in order to
obtain its greater influence on the characteristics [6]).

Before and after the measurements, a direct
calibration of the measuring channel was carried out by
displacing the rigid range 8 one way and the other with
the help of an elastic dynamometer, which caused
deformation of the samples 5, which were measured by
the clock indicator 10 (Fig. 6). Scale factor K= 0.067 was
obtained.

Analysis of the static characteristics showed that the
flux density of the control magnetic field B = 0.6 T

caused an increase in the stiffness coefficient of 1.75
times and in the damping factor of 4.4 times (the stiffness
coefficient was calculated at the highest values of F and x,
and the damping coefficient by hysteresis loops areas).
Therefore, the damping in the samples increased almost
four times faster than their rigidity (Fig. 10).
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Fig. 10. Static loading characteristics of MRE specimens:
1 — without magnetic field; 2 — magnetic field B=0.6 T

Thus, the results obtained are different from those
given in [18], but do not contradict known studies, but
refine them. This confirms that we have chosen the right
MRE production technology and research direction.

When performing dynamic tests, the vibrations were
excited by the mechanical vibrator 1, which through the
spring transmitted a harmonic force to the rigid range 8
and rocked it together with the mass 2 to obtain resonance
amplitudes.

Figures 11, 12 show the oscillograms of the eigen
oscillations of mass 2 on elastic specimens 5 of MRE.

a, mm

I

e 3 7 Sts Fig.
11. The oscillogram of vibrations of mass 2 on samples 6

in the absence of a control magnetic field

B
-

-1,6

0 1 2 3 418

Fig. 12. The oscillogram of vibrations of mass 2 on samples 6
in the presence of a control magnetic field B=0.6 T
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The analysis of the oscillograms showed that when
the control magnetic field was switched on, the time
constant decreased from 1.48 s to 0.78 s, i.e. the speed of
oscillation damping improved. The transient was
practically completed in 3-0.78 =2.34 s.

At the same time, there was an increase in the
coefficient of rigidity of the samples by about 25 %,
which caused an increase in the frequency of natural
oscillations from 2.5 to 2.7 Hz, i.e. by 8 %. The damping
factor increased by 118 % (from 0.038 to 0.083), i.e. 4.7
times higher than the stiffness factor. This is close to the
results of static tests and well-known studies [4, 18].

Figure 13 shows a sample oscillogram of forced
(close to resonant) vibrations of mass 2.

a, mm

15
10 T i 1 i ,
g5 [ LA

s

g1 2 34567 89101 12D5ts

Fig. 13. The oscillogram of the forced vibrations of mass 2 on
elastic specimens 5 of MRE at the modes «absence — switching
on — absence» of the control magnetic field

With the help of the vibrator 1, the system was
introduced into the mode of resonant vibrations, and then a
current was supplied to the coils 3 (Fig. 7), which created a
control magnetic field with flux density B = 0.6 T. The
vibration amplitudes were halved due to the increase in
damping in elastic specimens 5 of MRE.

After switching off the magnetic field, the system
returned to resonant vibrations mode, and their amplitudes
doubled, i.e. to the initial value. The duration of transients
was about 2.3 s.

To further reduce the amplitude of the oscillations, it
is necessary to increase the magnetic flux density of the
control field. To prevent the increase of heat losses, it is
advisable not to increase the current in the coils, but to
create an MRE with increased magnetic permeability.

According to the results of studies of hinges of
MRE, 4 patents of Ukraine are received [14, 15, 17, 20].

For the theoretical substantiation of the
recommendations for practical application of the obtained
results, comparative studies of the smoothness of the
running of two wheeled vehicles were carried out: serial
and the same, but equipped with the system of control of
SC characteristics based on the use of hinges of MRE in
suspension levers (Fig. 1, 4).

The smoothness of the running of these vehicles was
investigated by the method of computer simulation of
their motion on sinusoidal road profiles of bumps, in
accordance with the accepted methodology in the field, by
calculating and constructing the speed characteristics of
the vehicles [21]. These characteristics represent the

dependence of the height of the bumps / (passage height),
which the vehicle is able to overcome with vertical
acceleration in the locations of people not exceeding 3 g,
(29.43 m/s?), due to ergonomic requirements, on the
speed of movement. Speed characteristics are calculated
for three bumps lengths: 1.5L, 2L, and 2.5L, where L is
the vehicle’s base.

The resonance bands are characteristic of the speed
characteristics, when the frequencies of the eigen
oscillations of the cushioned body of the vehicle coincide
with the frequency of perturbations from bumps. The
passage height of the bumps corresponding to the
resonance has the least value and is called the minimum
passage height of the bumps. In accordance with the
current requirements for smooth running of the vehicle of
high passability, the level of minimum passage heights of
bumps should be not less than 0.19 ... 0.24 m, depending
on the given average speed of movement on the terrain.

To prevent overheating of the electromagnets, the
control of the characteristics of the CS will be applied only
when overcoming sections of terrain with difficult road
conditions, which usually have a length of 30 ... 50 m, and
overcoming which will take time no more than 10 s, while
maintaining the speed of movement.

An experimentally verified mathematical model of
wheeled vehicle motion was used for the research [21],
which was refined in accordance with the control system
utilization and implemented in the Delphi environment.

Let us evaluate the influence of the characteristics of
the elastic hinges of the CS of the serial vehicle on the
smoothness of the running. From Fig. 14 the following
follows. In the case where the hinge loss modulus is zero,
curves 2, there is a decrease in the minimum passage
heights of bumps at all resonant speeds of motion
approximately equal to 6.6 m/s, 8.9 m/s, and 11 m/s,
respectively, for bumps of 1.5L, 2L, and 2.5L length. This
decrease occurs from the level of 0.12... 0.14 m to the
level of 0.09 m, i.e. the smoothness of the running
deteriorates at 25... 36 %.

h, m
1,00

0,90 )
0,80
0,70

500 600 7,00 800 9,00 10,00 11,00 12,00 13,00 14,00
v, m/s
Fig. 14. CS speed features: impact assessment of elastic
suspension rubber hinges:
1 — hinges with original characteristics;
2 — the hinge loss modulus is zero;
3 — the hinge elastic modulus is zero
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Worsening also occurs at pre-resonance speeds for
all bump lengths. At resonance speeds, the smoothness of
motion deteriorates at bumps of lengths of 2L and 2.5L
and remains unchanged at bumps of length of 1.5L.

In turn, the variant «modulus of elasticity of the
hinges is zero», curves 3, leads to an increase in the
minimum passage heights of bumps at resonant speeds of
movement from the level of 0.12 ... 0.14 m to the level of
0.14 ... 0.17 m, i.e., smoothness of running improves by
17... 21 %. At the same time, at pre-resonance speeds, the
smoothness of running slightly decreases, and at
resonance speeds it improves, at bumps of length of 2L
and 2.5L, and worsens at 1.5L.

Thus, the characteristics of the elastic hinges of the
vehicles CS levers significantly influence its smooth
running, and by applying control of their loss and
elasticity modules based on the use of MRE, it is possible
to significantly improve the quality of cushioning.

In order to reduce the number of control
electromagnets and simplify the design of the suspension,
in further studies the use of the control of the
characteristics of the hinges of MRE only of the lower
levers of the suspension, which are coupled with the
torsions are considered.

Figure 15 shows the results of the study of the
influence of the control of modulus of elasticity of these
hinges of MRE. From the graphs it follows that in the
variant «modulus of elasticity is zero», curves 2, at
resonant speeds of movement, the minimum passage
heights of bumps increase from the level of 0.12 ... 0.14 m
to the level of 0.13 ... 0.15 m. Here, the smoothness of
running at pre-resonance speeds does not practically
change for all lengths of bumps, and at post-resonance
speeds the smoothness of running is slightly improved at
bumps of length of 2 and 2.5L and worsens at 1.5L.
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Fig. 15. CS speed features: impact assessment of the
control of the modulus of elasticity of hinges of MRE
(loss modulus has original value):

1 — original modulus value;

2 — modulus is zero;

—+=—" 3 —modulus is enlarged 5 times;

— - — = 4 —modulus is enlarged 10 times

In the case of increasing the modulus of elasticity of
these hinges by 5 times (curves 3), the minimum passage

heights of bumps at resonant speeds of movement
decrease from the level of 0.12... 0.14 m to the level of
0.09 m. Here, the smoothness of the running at the pre-
resonance speeds increases for all lengths of bumps, and
at the post-resonance speeds it deteriorates at all bumps,
and especially of the length of 1.5L. At increasing the
modulus of elasticity by 10 times (curves 4), the
smoothness of the running deteriorates at almost all
speeds and lengths of bumps.

Figure 16 shows the results of the study of the effect
of control of loss modulus of hinges of MRE, from which
it follows that in the case where the loss modulus is equal
to zero, curves 2, the minimum passage heights of bumps,
at resonant speeds of movement decrease from the level
of 0.12... 0.14 m to the level 0.10... 0.11 m. Here, the
smoothness of the running deteriorates at all speeds of
motion and lengths of bumps.
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Fig. 16. CS speed features: impact assessment of the

control of the loss modulus of hinges
(modulus of elasticity has original value):

1 — original modulus value;

2 — modulus is zero;

— - — 3 —modulus is enlarged 5 times;
4 — modulus is enlarged 10 times

At increase of the loss modulus of these hinges in 5
times (curves 3) the minimum pass heights of bumps at
resonant speeds of movement increase from the level 0.12...
0.14 m to the level 0.17... 0.18 m, i.e. by 28.6... 41.7 %,
which is close to the level of modern requirements
(0.19 ... 0.24 m). At pre-resonance speeds, the smoothness
of the running is improved at all lengths of bumps, and at
the post-resonance ones it improves on bumps of lengths
of 2L and 2.5L and slightly decreases on bumps of length
of 1.5L.

When the loss modulus is increased by 10 times
(curves 4) at the resonant speeds of movement, the
minimum passage heights of bumps decrease slightly from
the level of 0.12... 0.14 m to the level of 0.12... 0.13 m. At
pre-resonance speeds, the smoothness of the running is
significantly improved at all lengths of bumps, at the post-
resonance speeds the smoothness of running is slightly
impaired at the bumps of lengths of 2L and 2.5L and
significantly worsens on the bumps of length of 1.5L.
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Figures 17, 18 present the results of the study of the
effect of joint control of loss modulus and modulus of
elasticity of the hinges of MRE of the lower suspension
levers on the smooth of running of the vehicle.
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Fig. 17. CS speed features: impact assessment of the joint
control of loss modulus and modulus of elasticity of lower
levers hinges:

1 — original value of loss and elasticity modules;
----- 2 — loss modulus is increased by 5 times, modulus of
elasticity is zero;
— .+ — - 3 —loss and elasticity modules increased by 5 times;
— - — = 4 —loss modulus is increased by 5 times, modulus of
elasticity is increased by 10 times
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Fig. 18. SC speed features: impact assessment of the
joint control of loss and elasticity modules of lower levers
hinges:
1 — original value of modules;
2 — loss modulus is increased by 10 times, modulus
of elasticity is zero;
3 — loss modulus increased by 10 times, modulus of
clasticity increased by 5 times;
— - — = 4 —loss and elasticity modules increased by 10 times

According to Fig. 17, for the variant «loss modulus is
increased by 5 times, the modulus of elasticity is zero»,
curves 2, the minimum passage heights of bumps increase
from the level 0f 0.12 ... 0.14 m to the level 0f 0.17 ... 0.19 m,
i.e. by 35.7... 41.7 %, which is close to the level of
modern requirements (0.19 ... 0.24 m).

The option «loss and elasticity modules increased by
5 times» (curves 3) allows to significantly (up to 43 %)

increase the smoothness of running at pre-resonant speeds
of motion at all lengths of bumps.

The option «loss modulus is increased by 5 times,
the modulus of elasticity is increased by 10 times»
(curves 4) leads to a deterioration of smooth running in
the entire speed range, at all lengths of bumps.

From the graphs shown in Fig. 18, it follows that an
increase in the loss modulus by 10 tomes (graph 2) leads
to an improvement in the smoothness of running at bumps
of 1.5L in length at pre-resonance speeds and to a
deterioration at post-resonance speeds of motion. This
option ensures an increase in the minimum passage
heights of bumps (at a speed of 9 m/s) from the level of
0.12 ... 0.14 m only to the level of 0.13 ... 0.14 m, i.e.
worse than in the previous case.

The variants of «loss modulus increased by 10 times,
elastic modulus increased by 5 times» (graph 3) and «loss
and elastic modules increased by 10 times» (graph 4)
show that such increase of modules leads to a significant
deterioration of the smooth of running throughout the
speeds and bumps range.

Discussion of results. Analysis of the graphs shown
in Fig. 14, proves that the characteristics of the elastic
hinges of levers of the wvehicles” SC significantly
influence its smooth of running, and control of their loss
and elasticity modules is expedient to be implemented on
the vehicles. In order to reduce energy consumption and
prevent overheating of the joints, this control is advisable
at resonant speeds of movement when overcoming
sections of terrain with difficult road conditions, without
reducing the speed of movement.

It is advisable to control the loss modulus more than
the elastic modulus, since increasing the latter can lead to
a deterioration of the smooth of running. It is necessary to
create MRE with properties where, in the case of control,
an increase in the loss modulus is not accompanied by an
increase in the elastic modulus.

The experimental studies carried out made it
possible to increase the losses modulus in MRE samples
only twice, but the calculation investigation showed the
desirability of its increase by 5 times. It is possible to
solve this problem either by increasing the number of
controlled hinges, installing them also on the upper
suspension levers, or by applying another MRE
fabrication technology, which will provide a fivefold
increase in the loss modulus under the action of the
magnetic field with flux density of up to 1.5 T.

The obtained values of increase (relative to serial
vehicle) of loss and elasticity modules and constructed
speed characteristics of vehicles allow to develop
requirements for the laws of control of characteristics of
hinges of MRE, depending on the mode of motion (pre-
resonant, resonant or post-resonant) and length of bumps.

We formulate these requirements for the laws of
control of the characteristics of elastic hinges of MRE in
vehicles:

e control should be implemented only at resonant
speeds of the vehicle;

e control is only expedient for the losses modulus of
MRE of hinges of the levers of vehicles;
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e it is recommended to increase the loss modulus no
more than 5 times;

e control processes must be no longer than 10 s and
have acceptable intervals between them.

Conclusions and recommendations.

1. For the first time, samples of magnetorheological
elastomers with parameters suitable for use in the hinges
of levers of vehicles' cushioning systems have been
manufactured.

2. The original stand was developed, the static
characteristics of the stiffness and damping of the made
samples are investigated on which. It is found that the
control magnetic field has a greater effect on the loss
modulus than on the modulus of elasticity. For the first
time, it is shown that the flux density B = 0.6 T of the
control magnetic field causes a 25 % increase in the
stiffness coefficient (and modulus of elasticity), which
causes an increase in the frequency of natural oscillations
from 2.5 to 2.7 Hz (by 8 %). The damping factor
increased by 118 % (from 0.038 to 0.083), i.e. 4.7 times
higher than the stiffness coefficient.

3. In the course of dynamic tests on the developed stand,
using manufactured modern measuring equipment, for the
first time it is discovered that when the control magnetic
field is switched on, the time constant of free oscillation of
mass on elastic elements of magnetoreological elastomers
decreased from 1.48 to 0.78 s. The transient was almost
completed in 2.34 s. The amplitudes of the resonance
vibrations of the mass on the elastic elements of the
magnetoreological elastomers, when the control magnetic
field B =0.6 T is switched on, are halved in 2.34 s.

4. The original designs of the controlled elastic hinge
of magnetoreological elastomers and the device for
creation of the control magnetic field are developed and
patented. The parameters that provided a uniform (within
10 %) distribution of magnetic flux density in the sections
of the hinges were determined. In order to achieve
magnetic flux density in the magnetoreological elastomer
at the level of 0.6 T, the value of the magnetomotive force
(15 kA) is determined, the current density in the coil of
the device < 10 A/mm’ is selected, with operation time of
up to 10 s.

5. Requirements for control laws are formulated,
which allow to increase the smooth of running of
vehicles depending on speed and length of bumps by
more than 40 %.

6. For the first time, it has been found that the control
of the loss modulus of hinges of the magnetorheological
elastomers of the vehicle suspension has a greater effect
on improving the smooth of running than the control of
their modulus of elasticity.

7. The rational limits of the relative change of the loss
modules of the hinges of the magnetoreological
elastomers (not more than 5 times) during their control
are determined; it is recommended to use them in
formulating the requirements for magnetoreological
elastomers, and to develop designs of controlled nodes of
the cushioning systems.

8. According to the results of the research carried out,
4 patents of Ukraine were obtained for the method of
control, the design of the hinges of magnetoreological
elastomers and the suspension.
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