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1. Introduction

Electrorheological (ER) fluids are fluids which
exhibit fast and reversible changes in their rheological
properties under the influence of external electrical fields.
ER fluids commonly are composed of polarisable solid
particles dispersed in non conducting oil. Upon the imposi-
tion of external electric field, the particles are polarized
and form a chainlike structure along the direction of the
field. This structure is responsible for the rheological prop-
erties alteration of the ER fluid from a fluid like state to a
solid like state which exhibits a yield stress. The reversible
and dramatic change in the rheological properties of ER
fluids coupled with the instant response offers wide poten-
tial in industrial application. One of the promised applica-
tions is on the vibration control area, especially on semi
active suspension.

Semi active suspension system has attracted a
great deal of attention since this system combine the best
feature of both passive and active control system. This
system can achieve the optimum compromise between ride
comfort and road handling for several road conditions. To
achieve this condition, semi active system uses a controlla-
ble damper, a damper the damping level of which can be
adjusted. There are two ways to adjust the damping level,
whether controlling the fluid properties or modifying the
orifice. The latter has a slower response time since it is
using electro mechanical valve mechanism [1]. This
method also leads to the inclusion of more moving parts
inside of the damper, which could potentially lead to de-
creased reliability and a shortened lifetime.

2. Parallel plates method

Basically, the flow mode ER-damper consists of a
piston rod and a piston head in concentric cylinder tubes
which also act as electrodes (Fig. 1). If a certain level of
forces given to the piston rod, there will be a pressure drop
between upper section and lower section inside the annular
gap and the fluid will move with a certain flux or velocity.

In the case where electrode gap D is much less
than the inner electrode diameter 2R, the solution for the
Poiselle flow between concentric cylinder collapses to that
of the flow between parallel plates [2]. For the fluid be-
tween parallel plates, the force equilibrium is [3]

dr AP
dr L
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where 7 is shear stress; L is electrode length; AP is
pressure drop.
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Fig. 1 Schematic diagram of flow-mode ER-damper
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In zero field condition, the particle phase of ER
fluid is randomly distributed in dispersed phase. So that,
ER fluid will act as a Newtonian fluid the shear of which
stress is proportional to the velocity profile gradient
through the gap as

du
= @)

where g, is viscosity and u is velocity.

Fig. 2 Newtonian fluid velocity profile

The equation for the velocity profile (Fig. 2) can
be obtained by substituting equation (2) to (1) and integrat-
ing with respect to 7, as
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By inserting the non-slip condition at the bound-
ary such that u(0) =u(D) =0, yields
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The fluid volume flux through the electrodes (O, )

is obtained via integrating the velocity profile over the an-
nular electrode gap, which is
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The fluid volume flux through annulus (Q, ) is
equal to the fluid volume flux displaced by the piston head
(Qp ). Since Qp = Apvo and AP =-F/ 4,, yields

2
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by noting that I = Cv,, gives
4,°6Ly,
Cy=—"75" @)
TR D

in the above equations, 4 _,C, and v, are area of piston
P

head, zero field damping constant and piston head velocity
respectively.

If a certain amount of electric field strength is
applied to ER fluid, the particle phase of the fluid will po-
larize and form a chain like structure between the elec-
trodes. The fluid will only flow if the stress given is greater

than a critical point called yield stress 7, This condition

can be modeled by Bingham plastic behavior as

®)

The higher electric field strength (E) is applied,
the higher 7, will be produced. The relationship between

E and 7, is [4]

2
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where a, f and y are the characteristic value for particu-

lar ER fluid which is obtained via experiment.

The velocity profile of Bingham flow can be di-
vided into three regions (Fig. 3). Region / and 3 are called
in a post yield condition while region 2 is called as pre

yield condition. On region / and 3, 7 is higher than 7 so
that the material is sheared. On the other hand, 7 in region
2 is lower than 7, s0 that the material will flow as a plug.

Substituting equation (8) to equation (1), integrat-
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ing the result with respect to » and inserting boundary con-
dition such as shown in Fig. 3, yields velocity profile equa-
tions for each region as

AP
uy(r) = (2-2r,r) (10)
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AP,
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Fig. 3 Bingham fluid velocity profile

From the integration of equation (1), shear stress
in region 2 is

AP
7, =—r+C (13)
L
by inserting boundary condition such that 7 (rpl) =1, and
z'(rpz) = -7, yields
AP
Ty:Trp1+C1; _Ty:Trpz'f‘Cl (14)

Subtraction of these equations yields equation for
plug thickness, ¢, as

t A 2L
yp

T2 = 7Tp1 =0= |F| (15)

by introducing non dimensional plug thickness 5 =— and
D
noting that r,, —r,, =6 and r, —r, =D gives equa-
tions
D(1-5)
Fy=— (16)
D (1 + 3)
oy = a7

By integrating fluid velocity profile for the whole
regions with respect to 7 and inserting the value from equa-
tion (16) and (17), yields the equation for volume flux of
Bingham flow, O3, as
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(18)
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since AP =—F/ 4,, gives
12u,LA4 " 2, =\
Fy :”3”((1—5) (2+5)) Vo (19)
TR D
so that the damping constant is
124,04 ° 2, =0
Cy = ”3”((1 -5) (2+ 5)) (20)
7R D

For Newtonian condition ( £ =0 and gz 0),
equation (20) is similar to equation (7). Here, 4, is plastic

viscosity.
3. Result and discussion

The nominal damper design for the simulation is:
L is 101.6 mm, R; is 2.54 cm, piston head diameter is 5.08
cm, and electrode gap is 1.5 mm. The damper then is filled
with commercially available ER fluid made by Smart
Technology Ltd, LID 3354. Dynamic viscosity of the fluid
is 68.2 MPa s and the relation between yield stress with
electric field strength is 7, = 0.26E” kPa [5]. By inserting all
these values to the equations (7), (8) and (20), gives result
which is plotted in Fig. 4.

Using this plot, the damping coefficient C for
each electric field strength was obtained from the slope of
the best linear curve fitting each line. The relationship be-
tween electric field strength applied to the damping con-
stant is shown in Fig. 5.
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Fig. 5 Damping coefficient versus applied electric field

To examine the ride comfort and road handling,
the suspension system is simplified as quarter car model
with one degree of freedom (Fig. 6). This model still re-
tains many of essential characteristic of a more complex
system in its response to excitation [6].
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Fig. 6 Quarter car model

Ride comfort can be evaluated by transmissibility,
defined as the ratio of the transmitted force to the excita-
tion force, while road holding is characterized by the
amplification ratio, related to the ratio of the resulting
wheel hoop amplitude to the excitation amplitude of the
motion. The equation of movement for the system above is
written in the following form

Mx(t)+Cx(t)+Kx(t)=f(2) Q1)

where M,C,K sprung mass, damping coefficient and

spring stiffness respectively while x(7) is the displacement
and f{?) is the road excitation. By assuming that a quarter
of the weight of a car is 375 kg and the stiffness of the
spring is 25000 N/m, the natural frequency of the system

VK/M

willbe f, =
! 2

= 1.3 Hz and the critical damping is

C. =2M~NK /M =6123.72 Ns/m.

When a car implementing ER damper is being
driven over a road with a certain surface profile, the degree
of comfort and stability is highly determined by the damp-
ing coefficient as well as the road contour. For simplifica-
tion, the road contour is approximated by a sine wave hav-
ing various wavelengths L. Having through the road, the
system will response and the contour of the road act as a
support harmonic action on the system with the excitation
frequency w.,=2mv/L. Here, v is the car velocity.

The transmissibility and the amplification ratio
can be determined by the following formula [7]

- 1+(2¢7) o)
\/(1—r2)2 +(2¢7)
1
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where r is the ratio between excitation frequency to the
natural frequency and { is the ratio between actual damp-
ing coefficient and the critical damping. Fig. 6 shows the
transmissibility and the amplification ratio of the system
when the car with a certain velocity through over the road
having certain wavelength so that the excitation frequency
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is as high as 2 Hz.

From the figures above (Figs.7 and8), it is
clearly observed that the increasing of damping level will
increase the transmissibility and decrease the amplification
ratio. It means that the suspension with high damping
level will provides good vehicle handling and stability but
gives low comfort, since most of the road input is
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Fig. 7 Transmissibility versus damping constant for an
excitation frequency at 2 Hz

transmitted to the car. On the other hand, the soft damping
level will yields good comfort but reduce the wheel contact
to the road surface, which in turns reduce the vehicle han-
dling. The best trade off between comfort and stability is
obtained with the damping value at the intersection be-
tween normalized amplification ratio curve and the nor-
malized transmissibility curve.
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Fig. 8 Amplification ratio versus damping constant for an
excitation frequency at 2 Hz
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Fig. 9 Normalized transmissibility and amplification ratio versus electric field strength needed and damping coefficient for

various excitation frequencies

The differences in vehicle velocity and the road
profile yields a variation on the excitations frequency,
which in turn require different damping level. Fig. 8 shows
the optimum damping level for various excitation frequen-
cies. At the excitation frequency as high as 2, 3 and 5 Hz,
the optimum damping level is about 1786 Ns/m, 4854
Ns/m and 7242 Ns/m. Recalling the relationship between
damping coefficient and the electric field strength (Fig. 5),
the field strength needed to achieve the best comfort and
stability compromise at the excitation frequency as high as
2,3 and 5 Hz is 1.3, 4.7 and 6 kV/mm respectively (Fig. 9.

4. Conclusion

The performance of suspension system is deter-
mined by the compromise between ride comfort and road

handling which can be evaluated by transmissibility and
amplification ratio. The implementation of ER damper
allows the system to adjust its damping level due to the
road profile by controlling the electric field applied. For
the simplified road profile and the nominal damper design,
the field strength needed to achieve the best comfort and
stability compromise at the excitation frequency as high as
2,2.5and 3 Hz is 1.3, 3.8 and 4.7 kV/mm respectively.
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TRANSPORTOVPRIEMONES VALDYMO IR
KELEIVIO VAZIAVIMO PATOGUMO DERINIMAS
NAUDOJANT ER SLOPINTUVUS

Reziumé

Straipsnyje parodyti elektroreologiniy slopintuvy
pranasumai valdant nepageidautinus virpesius, kuriy prie-
zastis yra kelio pavir$iaus nelygumai. I$ pradziy sudarytas
matematinis modelis, apraSantis srauto tarp lygiagreciy
ploks¢iy biisenos itaka, pagrista lygiagreciu ploks¢iy priar-
t¢jimu. Nustacius apkrovimo salygas ir slopintuvo slopi-
nimo lygi, pakaba imituojama, esant skirtingoms kelio pa-
virsiaus salygoms, kurios traktuojamos kaip sinusiné banga.
Vaziavimo patogumas nusakomas jéga, nuo kelio perduo-
dama keleiviui ir iSreiSkiama stiprinimo santykiu. Gauti
rezultatai rodo, kad elektroreologinis slopintuvas leidzia
pasiekti geriausia transporto priemonés valdymo kelyje ir
keleivio vaziavimo patogumo santyki, reguliuojant ER
slopintuvy slopinimo lygi pagal kelio salygas. Norint su-
konstruoti geriausiai suderinta slopintuva, elektrinio lauko
stiprumas turi pasiekti 1.3, 4.7 ir 6 kV/mm, kai zadinimo
daznis didesnis kaip 2, 3 ir 5 Hz.

Nik Abdullah Nik Mohamed, Mohd Jailani Mohd Nor,
Reiza Zakia Mukhlis

COMPROMISING VEHICLE HANDLING AND
PASSENGER RIDE COMFORT USING ER-DAMPER

Summary
This paper presents the superiority of electror-

heological damper in controlling the unwanted vibration
caused by road surface irregularities. First, a mathematical
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model to describe the flow behavior on the damper is de-
veloped based on parallel plates approach. After determin-
ing the load condition and the damping level of the
damper, the suspension then is simulated in several road
conditions, which are simplified as sine waves. The ride
comfort is evaluated by the force transmitted from the road
to the passenger, while the road handling is evaluated by
amplification ratio. The result shows that electrorheologi-
cal damper can achieve the best compromise between ve-
hicle road handling and passenger ride comfort by adjust-
ing its damping level due to the road condition. For the
nominal damper design, the electric field strength needed
to achieved the best compromise at the excitations fre-
quency as high as 2, 3 and 5 Hz is 1.3, 4.7 and 6 kV/mm
respectively.

Huk A6mymiax Huk Moxamen, Moxa Eamnmarn Moxnx Hop,
Peiiza 3akna Mykxuuc

COI'JTACOBAHUE VIIPABJIEHWA
TPAHCITIOPTHBIMU CPEACTBAMMU 1
KOM®OPTOM E3/IbI UCIIOJIb3Y S ER TACUTEJIN

Pes3omMme

B crarbe mpenctaBieHbl TpPEeUMYIIECTBA DJEK-
TPOPEOJIOTUYECKUX TaCUTENeH YNpaBisisl HexXellaTelbHbIE
BHOpAaIy, NPUYMHOW KOTOPBIX SBJISIOTCS HEPOBHOCTH
noBepxHocTu aoporu. CozaHa MareMaTHdecKas MOJENb,
KOTOpasi OMHUCHIBAET BIUSHUE COCTOSHUS MOTOKAa MEXIY
mapauieNbHBIMA  TiacThHamu. OTpenenuB yciIoBHSA Ha-
TpYKEHHUSI W YPOBEHb IEeMII(UPOBAHUS B TacUTENE, TOJ-
BECKa CUMYJIMPYETCS IPU Pa3HBIX YCIOBUAX MOBEPXHOCTH
JIOpOTH, KOTOpBIE OLIEHUBAETCS KaK CUHYCOMAANIbHAS BOJI-
Ha. KoMGopT e311p1 onleHuBaeTcs CHIION mepeaaBaeMon oT
JIOPOTU K MacCaKUpy OLlEHHBaeMOil (pyHKIMEH yCUIeHHS.
[Tony4eHnHble pe3yibTaThl MOKA3bIBAIOT, YTO JJEKTPOPEO-
JIOTUYECKUM TaCHUTEIEM MOXHO JOCTUTHYTh HAWIYHILIETO
COTJIaCOBaHUS MEX]Y YIPaBIEHUEM TPAHCIOPTHOIO CPEell-
CTBa B IOpore U KOMGOPTOM €3]1bI MTACCAKUPA, PETYIUPYS
ypoBeHb ramenust ER mo ycnmoBusim noporu. Jlnsi koHCT-
PYUpPOBaHUSl ONTUMAIBHOIO TAacUTENs, NPU HAWIyYIleM
COIJIaCOBAaHMHU BEJIMYMHA WHTEHCUBHOCTU 3JIEKTPUYECKOTO
OIS IOJDKHA JOCTUTHYTH 1.3, 4.7 u 6 kB/MM mipu gacro-
Tax BO3MYIIeHHs He Bbime 2, 3 u 5 [,
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