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Abstract. The paper presents the development of mathematiodél of oscillating system by taking into
account electrorheological (ER) characteristicsar@bteristics of the ER shock-absorber (dependevices
force on value of control electric signal considgrishock-absorber geometry, rod displacement,
rheological properties of ER fluid) are calculaté&bmparison of simulation results of shock-absorber
characteristics with experimental findings is parfed. Analysis of calculated relations of amplitsiaé
output and input signals depending on value ofrarobelectric signal is carried out.

Keywords: oscillation system, three degrees of freedom,tldweological shock-absorber,
numerical integration, rheological properties, gl@heological fluid, yield stress, viscosity.

Introduction

There is a constant stiffening of technical requieats imposed on vibro-protection of
structural elements of a vehicle and driver in Bugopean countries and the rest of the world.
Currently active and semi-active cushioning systemes even more frequently applied to the
solution of this problem. Such controlled systemesiacreasingly needed in the modern motor
car and tractor construction industry.

One of the key questions of development of adaptivghioning systems is engineering
design of devices with controlled elastic or damgpitharacteristics. The most simple and
technological of such devices are shock-absork&ngismart materials (electro- and magneto-
rheological fluids) with properties, which changeon external influences, in particular, electric
or magnetic fields.

Mathematical model of a damper, allowing to presést performance data by the
instrumentality of approximating dependences, isppsed in [1]. Mathematical models of
controlled shock-absorbers, considering features rlodological properties of working
electrosensitive damping fluid, are described ir6]2 Commonly rheological properties of
electrorheological (ER) fluid are described by wigtastic model of Shvedov-Bingham [5-9].
As practice shows, such simplified model is conganifor technical calculations of shock-
absorber performance characteristic.
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The most important task in engineering processdaptve systems is prediction of overall
performance of shock-absorber in oscillatory systé&mperimental or theoretical research
techniques are used for this purpose [4-11]. Modelof shock-absorber performance
characteristics in oscillatory system is the faséesl the most economical way for estimating its
operating modes. Therefore construction of mathiealatnodel of oscillatory system with the
designed shock-absorber is the most effective wagdjust its characteristics to the technical
requirements [12, 13].

The purpose of this work is numerical modeling #mel analysis of oscillation dynamics of
mechanical system of a quarter of vehicle suspansiith the designed ER shock-absorber
during forced oscillations and while it is movingdugh “sleeping policeman”. Characteristics
of the ER shock-absorber with non-Newtonian ERdflnave been experimentally investigated
by the authors earlier [14].

1. Statement of a mathematical problem

Let's consider block diagrams with passive (Figatyl active (Fig. 2) 3-mass oscillation
systems which represent the mechanics of a quarteshicle suspension.

Fig. 1. The scheme of 3-mass oscillation system  Fig.2. The scheme of 3-mass oscillation system
with passive viscous-elastic elements with controlled ER shock-atiser

The difference between these models is use ofdhtalled shock-absorber with ER fluid in
the active system (Fig. 2) instead of the shocledies with constant damping coefficiefy in
the passive one (Fig. 1).
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The passive oscillatory system (Fig. 1) can be rilmstt by the system of the differential
equations:

Mszs+Ks(zs_2b)+Cs(zs_zb):0' (1)
My2 —K (2 -2,)-C (2 - 2,)+ K, (2 - 2, )+ C,(z, - 2,)=0, @)
M.z, ~Ky(2, - 2,)-C)(z, - 2,)+ Ku(2,- 2 )+C,(z, -2 )=0, @)

whereM, K and C are the mass, coefficients of damping and stifinesg, = dz, /ot and

2, = 6225/612 is the displacement, velocity and accelerationeetpely;t is the time variable;

indexes r, s, b, w, r are the road, seat, bodywdrakl respectively.

A working fluid with non-Newtonian properties isagsin the ER shock-absorber. Effective
viscosity of fluid and damping force of the shodisarber accordingly are changed at influence
of an controlled electric signal, therefore the teys of the equations (1)-(3) for active
oscillatory system (Fig. 2) is as follows:

M.2 +K.(% -2)+C.(z.-2)=0 @
szb_Ks(zs_zb)_Cs(zs_zb)+ FERSA+CS(Zb_Z\N)=0’ )
szw - FERSA_ Cb (Zb - Zw)+ KW(ZW - Zr )+ CW(ZW —Z )= 0, (6)

whereFgrsp—force of the electrorheological shock-absorber.

The mathematical model of the ER shock-absorbeichwienables determination of its
damping forceFgrss should take into consideration shock-absorbermgry, rheological
properties of a working fluid (its visco-plasticrpaneters), rod motion and value of controlled
signal (intensity of electric field).

1.1 Mathematical model of the ER shock-absorber

We use the cylindrical coordinate system for thedBBck-absorber geometry (Fig. 3).

The following assumptions are used: 1) flow regimannular gap of the ER shock-absorber
is completely developed; 2) laminar flow; 3) theattorheological fluid is incompressible; 4)
the annular gap has sufficient length, therefore ¢hd effects may be neglected; 5) at the
channel walls the ERF velocity is equal to zerikgtg condition).

Then the motion equation of a fluid in the shockaber channel is:

AP
——(rt)=-=", 7
- )= (7)
whereAP — pressure drop in an annular gap of shock-abgdPagr — radius, m.
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Fig. 3. The scheme of ERF flow in the annular gap of the $hock-absorber in cylindrical system
coordinatesRy, Ry, R,, R — radii of the internal and the external wall ohalar channel, piston and rod
accordingly;e, A, .. and), — dimensionless parameters of radii- dimensionless width of quasi-solid
kernel of ERF flow in the annular channel; r, zxesand variables in cylindrical system coordinates

u «+» — indexes of the bottom and top borders gs@ifi kernel;Vy andPy — volume and pressure in the
pneumatic chamber at completely extended rod fleershock-absorbely andL — a thickness and length
of the annular channd|;— depth of immersing of a rod in a shock-absodb@mber.

At radiusr = AR, (where ) is the integration constant and represents theemsionless
parameter at which shear stress is equal to zés) flhe motion equation and rheological
Shvedov-Bingham equatiare:

__APR[T MR €)
2L (R, 1
du .
T ATy s T T RY 9)

where the sign «+» — momentum transfer in directtorand «-» for direction -rty — yield
stress, Pay, — plastic viscosity, Pa-¢,= du/dr — shear rate;™.
The effective viscosity, is defined as

So

Y

He = +H, . (10)

T
¥

Let's enter the dimensionless variables of shaasst , yield stressp,, rate o, radial
coordinatep and relations of radiuses of annular gap

o= 2L
RAP’

11)
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B, = é‘g; ; (12)
2u L

¢= R?XP u; (13)

p= é ; (14)

€= R1/R2. (15)

Then the equations (8)—(9) are
}\12
T =p——1, (16)
p

. d
T :iBo—upd—E. 17)

Integrating the equations (16)—(17) on a variagplevith conditionse (p = ¢) = 0 and
¢o(p =1) = 0 and considering three areas of ERF fiothe annular channel (Fig. 3), we obtain

0. =Pulp-e)—5 7 -e?)+1 2, ate <p<iv; (18)
€

0o =0 ( )=0,(r,), ath <p<i (19)

0. =—l3o(1—p)+%(1—pz)+xz Inp, ath, <p<1. (20)

Using the auxiliary equations® = A, (A, — o) and 1. =\. — Bo, condition of equality
q)f(?»f): q>+(x+) we can write as

2 (1, —Bo)ln%—u(ﬁo +&) +28,(1-1,)=0. (21)

+

Expression for definition of volume flow rat@, is solved by integration of the equations
(18)—(20) on the annular gap and after a numbdrasfsformations it acquires the following
form:

Q=" ) 21 . -p-e) Befae) Lot 57| @)

Transforming the expression (22), where the volfime rate of ER fluidQ = Vpn(Rs - Rf)

at piston velocity of the ER shock-absorbgrand having parameters of a yield stress, dynamic
viscosity and the annular gap geometry, it is fassio find the valueg, and i. from the
equation system:
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21, (n

+

~pIn e s (5, o + 28,02 )<0; 23
€

+

) (1-57)-22. - o?)- Dolae e ol - vl ) @

We solve system of the equations (26) - (27) witlriablesfy and .. Having found
numerical value of parametgp, we define pressure differenee” in the annular channel
according to (12).

Now it is possible to calculate shock-absorber grerince characteristics, for example,
shock-absorber depending on displacement or vglo€titod motion.

Created damping force of telescopic one-ring pneigngdraulic shock-absorbéizrsa can
be defined as:

Fow=F, +F, +Fop, (25)

ERSA

whereFy, Fq, Fere— forces of dry friction, gas resistance and hyticaresistance of ER fluid.
Force of inertia of the shock-absorber piston iy \wnall in comparison with damping force
of the shock-absorber, therefore we neglect it.
Each force is described by the following expression

F, =(Fo +c1AP)sgr(vp); (26)

VO ’ .
&:a&—AkﬁﬂA' 0
FERF = (Au - A )AP : (28)

whereA,, A, — the cross-section area of piston and rod aaeghdiF, andc, — the parameters
defining dry friction force from experiment; n -ponent of power.

It is necessary to know rheological properties Bf fluid (parameters of dynamic viscosity
and yield stress) for calculation of pressure dnoiiie annular channel and shock-absorber force
according to expression (9).

1.2 Rheological properties of ER fluid

Two-component ER fluid “ERF-3" has been developadlaboratory conditions [16].
Measurements of rheological properties of the Eiifare executed in a range of shear rates 1-
3500c¢™ on rheometer “Physica MCR 301" of manufacturer <hntlaake» with a high-voltage
measuring cell which represents system of coayiataders. Rheological curves are constructed
for various values of electric field strength bguks of experimental investigation. All of them
can be described by visco-plastic model of ShveBlimgham:

T Tyt ey, (29)

wheret,y — dynamic yield stress, Paj — dynamic viscosity, Pa-s.

Rheological model (29) is used in mathematical motlthe ER shock-absorber (9).

It is noticed, that dynamic viscosity for given fiulation ERF-3 at investigated shear rate
weakly depends on electric field strength, but delgseon temperature in observable range 20-
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8(°C [16]. Dependence of dynamic viscosity with respectvarious values of temperature
without dependence on electric field strength Eneel as:

g = po-expEa/ R(T+273.15)), (30)

wherepo = 0.000122 Pa-s — dynamic viscosity at temperdfud’C; E, — energy of activation
(16436.3 J)R - universal gas constaft: fluid temperature€’C.

According to experimental investigations of yietckss [16] dependence of static yield stress
145 VS. electric field strength is defined as:

Tys = CS'E + Tos (31)

wheretgs — static yield stress at value of electric fielcesgthE = 0 kV/mm; E — electric field
strength, kV/mmg, — parameter, which indicates growth intensitytatis yield stress on value
of electric field strength.

As it is proposed in work [9], yield stregsin the equation (9) uses static yield strggs

2. Numerical modeling of oscillation dynamics of mghanical system, performance
characteristics of the ER shock-absorber and compason with experiment

For calculation of characteristics of the ER shabkorber we use the following data:
R =0.008 mR, = 0.02 m;R; = 0.023 m;R; = 0.024 mh = (R, —Ry)/2 = 0.001 mL = 0.1 m;
Py =10.5 MPa), = 0.000049 ) |, = 0.04 m; and auxiliary formulas, =nR,% A, =R

For calculation of oscillation system we use thBofeing parameterskK,, = 400 Ns/m;
Cy=225000 N/m;M,, = 31 kg; K, = 1500 Ns/m; C, = 29000 N/m;M, = 290 kg;
Ks = 3000 Ns/m; Cs = 8000 N/m;Ms = 90 kg.

Experimental data and results of numerical modeliigER shock-absorber force are
provided in Fig. 4 at rod motion under the harmol@w with amplitude of 7.5 mm and
frequency of 2 Hz.

1, 2-E=0kV/mm; 3, 4 -E=2,5 kV/mm.
Fig. 4. The dependence of force of the ER shock-absorber fanction of rod displacement at various
values of electrical field strength: experimentalues — points (1, 3) and theoretical values -sline
(2, 4). Amplitude of rod displacement — 7,5 mm.dtrency of oscillations — 2 Hz.
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Comparison of results of experiment and modelingpérating regime of the ER shock-
absorber has been performed for amplitudes of isplatement in the range of 5-25 mm and
frequencies in the range of 0,5-5 Hz, and dematestrgood coincidence.

The correctness of numerical calculation of math@abmodel of oscillatory system (4)—(6)
is confirmed by close fit of task solving resulthsplacements of sprung weights) test model of
passive oscillatory system (1)—(3) and models [ith its parameters (weight, coefficient of
damping and rigidity).

The results of modeling of oscillation dynamicsméchanical system with the ER shock-
absorber at the forced oscillation according taeapsof the differential equations (4)—(6) at
various values of electric field strength are iitated in Fig. 5.

z,m

0,03 -
0,02 -
0,01 -

0
-0,01 1
-0,02 -
-0,03 -
-0,04 - 2
-0,05

1 —input signal (a road profig); 2 —E = 0 kvV/mm; 3 - 1,5; 4 — 2,5.

Fig. 5. The dependence of driver seat displacemzgnh time at the forced oscillation with amplitude o
0,02 m and frequency of 1 Hz and at various vatdedectric field strength

For the work analysis of oscillation system at @as frequencies of input signal we can plot
the peak-frequency characteristic representingrithgmaic dependence of relations of amplitudes
of input and output signal, = 20 Log &/z,) at various values of the controlled signal (.

R., dB

300 ) 5 i

st _

-45 ) i

10 10 £ Hz
1-E=2,5kV/imm;2-2,0;3-1,5;4-1,0;5-0,5;6,0.
Fig. 6. The peak-frequency characteristic at various wbfeontrolled signal
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Results in Fig. 6 indicate that control efficienafyoscillatory system is ensured in the field
of frequencies exceeding 1 Hz. This phenomenorptaaed by inertia of oscillation system at
small oscillation frequencies when elastic eleméspsings) define an operating mode of this
system in more degrees, than damping elementsk'stisorbers). At frequency more than 5 Hz
the damping of oscillation system is amplified wiitiirease of electric field strength.

Now we investigate active oscillatory system operatduring its linear movement with
velocity of 30 km/h through “the sleeping policerhasf trapezium-shape according to the
standard [18] in the absence of an operating signdlat use of control algorithm [19] (Fig. 7),
which works by a principle of make-and-break of tcohsignal depending on a combination of
modes of shock-absorber rod stripping (compresaiah stretching) and movement velocity of
cushion weights.

zm
0,1

0,08+
0,06 +
0,04+ \
0,02 -
0
-0,02
-0,04
1 - road profile “the sleeping policeman” in tinmake; 2 -E = 0 kv/mm; 3 — control algorithm [19].

Fig. 7. The temporal variation of driver seat displacenf{eashion weighMy)

As simulation results indicate, time of oscillatidamping (from time moment of maximum
deviations of a driver seat till the moment of tiofeabsence of periodic oscillations) is equal to
1 s at E =0 kV/mm and less than 0,5 s at motiam@fsystem through an obstacle “the sleeping
policeman” by using control algorithm [19]. Thudfig@ency of oscillation damping in time
makes more than 2 times at comparison of passivaetive oscillation system.

Conclusions

The reported research work proposed a mathematiodé! of oscillation system taking into
account ER shock-absorber characteristics and ageal properties of a working ER fluid.
Efficiency of oscillation damping in time is twices large when comparing passive and active
oscillation systems. Analysis of the relation ofpdibudes of input and output signals depending
on forced oscillation frequency at various magresidf electric field strength has revealed that
at forced oscillation frequency less than 1 Hz dkeillation system operates essentially in the
same manner at various values of control signakk Hemonstrated that at forced oscillation
frequency of more than 1 Hz with increase of eledteld strength the efficiency of oscillation
damping grows (natural frequencies of the investigascillation system is equal to 1.4, 2.7 and
8.5 Hz). Performance characteristics of the ER Isfadisorber (dependence of force on value of
control electric signal taking into account shotis@rber geometry, rod displacement,
rheological properties of ER fluid) were calculat&theoretical and experimental results of the
shock-absorber characteristics are in good agreefredative factor of a variation makes 9-28
% depending on operating mode of the ER shock-abkspr
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