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damper. A cylindrical ER seat damper is devised on the basis of a Bingham model of an
arabic gum-based ER fluid and its field-dependent damping characteristics are empiri-

Y. S. Lee cally evaluated. A semi-active seat suspension is then constructed, and the governing

equations of motion are derived by treating the driver mass as a parameter uncertainty. A

M. S. Han sliding mode controller, which has inherent robustness to system uncertainties, is formu-

lated to attenuate seat vibration due to external excitations. The controller is then experi-

Faculty of Mechanical and Automotive mentally realized, and controlled responses are presented in both time and frequency
Engineering, Keimyung University, Daegu domains. In addition, a full-car model consisting of primary, cabin, and seat suspensions
704-701, Korea is established, and a hardware-in-the-loop simulation is undertaken to demonstrate a

practical feasibility of the proposed seat suspension system showing ride comfort quality
under various road conditions]DOI: 10.1115/1.1542639

1 Introduction developed the concept of a semi-active vibration isolation system.
. . . . . he semi-active isolation system is similar to the passive system
Many commercial vehicles are used for industrial, agrlculturai

. that all suspension elements generate their respective forces
and other transport purposes. The increased number of these V§s‘sively. However, the damping force generated by the damper

hicles, along. with the extended driving hours and the eXPF’Sure@Q be varied according to a control policy so as to achieve better
severe working environments, such as rough road conditions 75@{'

. . Lo o formance for vibration isolation.
complex ride behaviors, inevitably results in increased demand OTRecently, a very attractive and effective semi-active suspension

improved ride comfort. Specially, |t’|s observed, based on thgstem featuring ER fluids has been investigated for vibration
measured ride V|brat|on E?It the driver’s se_at, tha_t the ride V'brat'%blation[Y—lo]. The suspension system featuring ER fluid damp-
levels of commercial vehicles are 9-16 tlme_s hlghe_r than_thoseé}fs has several advantages such as fast response time, continu-
passenger cars. Moreover, most commercial vehicle drivers gjigsly controllable damping force, and low energy consumption.
exposed to the ride vibration for 10-20 h/deM. The driver's wuy and Griffin[11] proposed an ER seat suspension and investi-
perception of ride comfort is based upon road shock, impact aggted vibration isolation using many types of on-off control
vibration transmitted through the s¢ai. The ride vibration has a schemes. Brookf12] proposed a diaphragm-controlled ER seat
significant influence on the driver’s fatigue and safety. Althougfjamper and showed its effectiveness of high damping forces. So
improvements in ride comfort have been attempted through a@r, most of the research on the ER seat damper has been focused
propriate tires, primary and secondagabin suspensions, the on dynamic modeling and field-dependent performance analysis
suspension at the seat has been considered as a simple and effiee ER seat damper itself. Research on vibration isolation of the
tive option to attenuate vertical vibration. In the majority of comseat suspension system installed with ER dampers is considerably
mercial vehicles, the seat suspension system is the only mect@e. Moreover, of the research published, none deals with the
nism employed to control the transmission of low-frequency areffectiveness of the ER seat damper for a full-car model subjected
high-amplitude ride vibration. This leads to the study on numete various road conditions. Consequently, the main contribution of
ous types of seat suspension systems. this study is to show how the ER seat suspension can attenuate the
Rakheja et al[3] constructed a passive seat suspension modebration level at the seat cushion and also to demonstrate the
and analyzed its dynamic performances. The passive seat suspeactical feasibility of the ER seat suspension system by showing
sion system featuring oil dampers provides design simplicity arble ride comfort quality of a full-car model.
cost-effectiveness. However, performance limitations such as fredn order to accomplish the goals, we first design and manufac-
quency bandwidth are inevitable. On the other hand, an active si#e a cylindrical ER seat damper on the basis of the Bingham
suspension provides control performance in a wide frequengjodel of an arabic gum-based ER fluid. Subsequently, a dynamic
range. Shimogo et a[4] constructed an active seat suspensiomodel for a seat suspension system installed with the ER seat
system using a DC servo-motor, which was controlled by an ogamper is derived and a sliding mode controller is designed to
timal control algorithm. Steirf5] proposed a pneumatic activereduce the vibration level due to external excitations. An experi-
seat suspension. However, active seat suspension systems redigtal setup for the ER seat suspension system is established, and
large amount of energy and many other devices such as sensg@étrolled responses of vibration isolation are presented in both
controllers, servo-valves, switching modulators, and so forth. fRe time and frequency domains. In addition, a full-car model
consequence, the actively controlled system is more complex dfisisting of primary, cabin, and ER seat suspension systems is
less reliable. To achieve required performance benefits and ovérived, and the ride comfort quality is evaluated by adopting the

come drawbacks of active suspension systems, Karnopp [ al, hardware-in-the-loop simulatio(HILS) method. The control re-
sponses are presented in the frequency domain by comparing with

the 1SO limit (1SO-2631/1, 198p[13].
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carrier liquids, which undergo significant instantaneous reversibleltage connected to the outer cylinder. The gas chamber acts as
changes in material characteristics when subjected to applied elaceumulator of the ER fluid induced by the motion of the piston,
tric fields [14]. From a mechanics viewpoint, the ER fluid isand thus preventing cavitation. If no electric field is applied, the
changed from Newtonian flow in which particles move freely t&R damper produces the damping force caused by the fluid resis-
Bingham behavior in which particles are aligned in a chain artdnce. However, if a certain level of the electric field is supplied to
thus have a yield stress upon applying an electric field to the fluide ER damper, the ER damper produces an additional damping
domain. The strength of the electric field which is needed to uferce based on the yield stress of the ER fluid. This damping force
dergo a phase change from an isotropic material to an anisotropfcthe ER damper can be continuously controlled by controlling
material is about 1-2 kV/mm. However, due to small current dethe intensity of the electric field. In order to simplify the analysis
sity below about 10uA/cm?, power consumption is very low. of the ER damper, it is assumed that the ER fluid is an incom-
When the electric field is applied to the ER fluid, the Bingharpressible fluid. In the absence of the electric field the flow resis-
model of the ER fluid is described by Ginder and Ceddid). tance through the duct between the electrodes is given by

r=ny+7(E), 7,(E)=aEX 1) 1271
* on?

hereL is the electrode lengthy is the electrode width, anllis
e electrode gap. It is noted that Eg) is valid for only fully-
developed steady laminar flow. It does not account for the dy-
gmic effect induced by a sinusoidal flow. Moreover, the effect of
e fluid inertia on the damping force is neglected since the oper-
%a ing frequency range of the proposed ER seat damper is rela-
. . ively low and the amount of the fluid mass between electrode
30%. A couette type electroviscometéaake VT-500 is em- gaps is little. By assuming that the gas usually does not exchange

ployed to obtain the Bingham properties, suchnaand y of the g . X
ER fluid. The shear stress is measured with respect to the sh%gr(:h heat with its surroundings, the compliance of the@asan

rate at room temperature25°C) by applying the electric field expressed by

from 0.5 kV/mm to 5 kV/mm, while the rotational speed increases Vo

up to 1000 rpm. Then, from the intercept at zero shear rate, the Cfﬂ 3)
yield stressr,(E) is obtained to be 35.F° Pa. Here, the unit 0

of E is kvV/mm. This experimentally obtained Bingham model isvhereV, and P, are the initial volume and pressure of the gas,
to be incorporated with the seat damper model to analyze fieléspectively. The variable afi is the ratio of the specific heat
dependent damping forces. ratio. On the other hand, the pressure drop due to the electric field
is given by

)

Here 7 is shear stresg; is viscosity,y is shear rate and,(E) is
yield stress. As evident from E@l), 7,(E) is a function of the
electric field ofE and exponentially increases with respect to eIe%’%’]
tric field. The parameters af andy are characteristic values of a
certain ER fluid and can be determined by experiment.

In this study, an arabic gum and silicone oil are chosen
particles and liquid, respectively. The viscosity of the base oil
0.0027 Pas and the weight ratio of the particles to the fluid i

2.2 Model of ER Damper. Figure Ja shows a schematic
configuration of the ER seat damper proposed in this study. The L L
ER damper is divided into the upper chamber and lower chamber APgr=2p 7y(E) =2 aFY (4)
by a piston, and it is fully filled with the ER fluid. By the motion
of piston, the ER fluid flows through the duct between electrodéw, from the bond graph model shown in Fidp, the governing
from one chamber to the other. A voltage drop is produced byeguations of motion of the ER seat damper can be directly ob-
positive voltage connected to the inner cylinder and the negatitaned as follows.
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(a) schematic diagram (b) bond graph model
Fig. 1 Proposed ER seat damper
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q ——AV (5) increasing the excitation frequency from 0.5 Hz to 3.5 Hz, where
A d e the excitation amplitude is maintained to be constant by 20 mm.

__r A2 _ The experimental setup and procedures for the measurement of
F ngd+(Ap AVRVpt (A= AJSGMVp)APer - (6) the damping forces are well described in Choi et[aD], and
hence omitted. As expected, the damping force increases as the
electric field increases. This indicates that a certain desired damp-
ing force within the range of 0—5 kV/mm can be achieved by
controlling the electric field regardless of the piston velocity. This
is a salient feature of the ER seat damper.

Here,qq is the fluid volume of the lower chambé¥, is damping
force, V, is the excitation velocityA, is area of piston rodd, is
area of the piston, anslgn(n) is a signum function. The damping
force given by Eq(6) can be rewritten by

Fa=keXptCeVptFer 7) 2.3 Model of ER Seat Suspension SystemFigure 3
where, X, is the excitation displacemerk, is the effective stiff- shows a mathematical model of the proposed semi-active suspen-
ness due to the gas pressurgis the effective damping due to thesion system featuring the ER seat damper. The governing equa-
viscosity, andFgg is the damping force which is tunable as aions of motion of the ER seat suspension can be obtained as
function of electric field. This controllable damping forEgeg can  follows:
be given by
My Q1= —C1(d1— o) —Ky(d1—do) +C2(d2—01)

+ka(ga—qg1)—u

The size and the level of required damping force adopted in this My, =—Co(dr— 1) — Ko(d2— Q1) 9)
work are chosen on the basis of conventional passive oil damper

for a commercial truck. The governing equatiéf is evaluated Where,m; andm, represents the mass of the seat suspension and
with respect to the electric field in order to determine design pthe mass of the driver, respectivek; andc; denote spring and
rameters such as the electrode gap. The designed ER seat daréipeiping constants of the seat suspension, whiland c, stand

has the following specifications: electrode gap size, 1 mm; elder stiffness and damping constants of the seat cushion. It is noted
trode length, 120 mm; diameter of piston rod, 11 mm; diameter 8iat the spring constai is equal to sum of the spring constant
piston, 30 mm; and diameter of inner cylinder, 36 mm. Figure 20f the suspension springkd) and k. in Eq. (7). The damping
shows a photograph of the ER seat damper manufactured in tb@stantc, is equal toc, in Eqg. (7). The variableu represents the
study, and Fig. B presents the measured damping forces witontrollable damping forc&ggr. By defining the state vector as
respect to the piston velocity. The piston velocity is changed BY=[q; q, q; q,]", we obtain the following state equation.

L
Fer=2(Ap— AT aE¥Sgn(Vp) (8)
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{a) photograph (b} damping forces

Fig. 2 Photograph and damping forces of the proposed ER seat damper
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Fig. 3 Proposed ER seat suspension system
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K= AX+BU+D (10) study, the values foay; are specified aa;;=aj,=a;3=a,=0(i
= 1,2,3), a41: 82.29,a42: - 8229, a43: 153, anda44: - 153

where, Consequently, we can formulate the following sliding mode con-
[0 0 1 0 ] troller which satisfies the sliding mode conditi&X) S(X) <0.
0 0 0 1 1 _1 -
u=———(CB) [{|CAX|+|CAX|}sgn(S) +Knsgn(S)]
kitk, ky ci+c, ©, 1-¢
A=| — - - = (16)
ml ml ml ml 1

Here K=CD, D=[0, 0, (ky/my)¢s+(ci/m)ipp, 0T, o
—= - = = - = =|qo|, andy»,=|q,|. Then we can show that the uncertain system
m; my my m; given by Eq.(13) with the controlleru given by Eq.(16) satisfies

L § the sliding mode condition as follows:

-0 1 - 0 . .
0 o S(X)S(X) = S(X)[C{(Ag+AA)X+Bu+D}]
1
- 1 | c. k =S(X)HCAOX—— CAGX sgr(s)]
B _— |, D=| =% -1 —
m, m.dot ml% 1-¢
0 0 ] canx— -1 |caXs n(s)
L] L | 1-¢ 9

In practice, the mass of the drivar, may be varied due to riders 1
with different masses. Thus, we consider that a parameter pertur- + Ksg r(s)]
bation of the driver massy, exists in the system. From empirical 1-¢
data, the possible bound of the uncertain system parameter carsifte the controllen given by Eq.(16) includes the sign function,
defined by undesirable chattering may occur during control action. This may

_ be attenuated by replacing the sign function by the saturation

m,=my+Am, |Am|<0.5m 11 ; ; ! .
2720 ) |Am| 20 ) (11) function with appropriate boundary layer thicknessThe control

Here, my, represents the nominal part aidn the uncertain part. input u is designed in an active actuating manner. However, the
By assuming that so-called matching conditid6] is satisfied, proposed ER seat suspension is a semi-active. Thus, the control

CD-— <0 17

this uncertainty can be expressed by input should be applied according to the following actuating con-
1 1 dition.
- = =< . .
Mo+ Am m20(1+YU)' nl=e=1 (12) If u-sgn(q;—qe)>0, u=u (18)
where, y, and ¢ are constant values. The matching condition If u-sgng,—gy)<0, u=0

physically implies that the uncertain paxin cannot have an ar-
bitrarily large perturbation. Substituting E@.2) into Eq.(10), the
state space equation with the parameter uncertainty is obtaine

This condition physically implies that the actuating of the control-
er u only assures the increment of energy dissipation. Once the
8hitrol inputu is determined, the control electric field to be ap-

follows. plied to the ER seat damper is obtained from Bj).as follows.
X=(Ag+AA)X+Bu+D (13) hAE
u
Here,Ay andAA are the nominal and uncertain part of the system E= A Ay '(_ZL ) * (29)
matrix, respectively. (Ap—Ar) a

In this work, the control parameters for the sliding mode control-
3 Controller Design ler are chosen as followgh=0.53,K=35.0, ande =0.18
In this study, a sliding mode controller which has inherent ro- )
bustness to system uncertainties is adopted to suppress the viéra-Seat Suspension Test
tion level. As a first step for designing the sliding mode controller,

we define the following sliding surface. 4.1 Parameter ldentification. The suspension model re-

quires the material properties of the seat spring and the seat cush-
S(X)=CX=0 (14) ion. The suspension spring constant can be obtained from the

where,C is surface gradient to be determined so that the slidir{ rce-d_eflectlon rela’_uo_nshlp. Flguraého_ws the_measured force-
flection characteristic of the suspension spring. From the curve

surface itself is asymptotically stable. In order to deterntirthe .. . . .
eigenvectorW associated with desired eigenvalues can be o jtting, the suspension spring constakt)(is evaluated by 6300

; . . ) : /m. The damping and spring constants of the seat cushion are
tained by Dorling and Zinobe17] and El-ghezawi et al.18] evaluated via dynamic test using sinusoidal displacement excita-

AW—-WJ=BN (15) tion. The measured force-displacement relationship is shown in

. . . . . Fig. 4b. From the measured curve, it is known that the curve is the
where,J is Jordan-block form associated with desired elgenvalu?grm of Lissajous diagram from which the equivalent viscous
andN is an arbitrary matrix chosen to provide linear combination : - : ~
of the columnB. Then the surface gradief is defined by the &amplng coefficient of the seat cushion can be evaluated as fol

. . S X lows [19].
generalized inverse d8 which is augmented to the elgenvectoro s[19]

W. The desired eigenvalues ef10=10i, —60 are chosen, and Area within Lissajous cure
henceC is obtained byf —1137.63, 739.726-20, —126.279. Cr= > (20)
Now in order to formulate the sliding mode controller, which 7 (27mf) X

guarantees robust stability and high performance for the uncertgjere, f is excitation frequency an is the peak to peak dis-
system parameter, we assume that each uncertain elemam of pjacement. Consequently, from the slope of the curve fit, the cush-
is to be bounded gsSa;j|<a;; <. Thus, we define the matrik ion spring constantky) is determined to be 8228.78 N/m. And
in which all uncertain elementsa;; are replaced by;; . In this from the formula given by Eq20), the cushion damping constant
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Fig. 4 Parameter identification for seat suspension and seat cushion
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Fig. 6 Control responses of ER seat suspension system in frequency domain
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(c,) is determined to be 152.8 Ns/m. The parameterandc,; Hz without control voltage. Both the vertical displacement and
are available from the characteristics of the ER seat damper. Tdezeleration transmissibility are high at resonance. However, by
other system parameters for the ER seat suspension systemeangloying the control electric field determined from the sliding
given as follows: seat frame massy), 20 kg; driver massr(,), mode controller, the peak is substantially reduced even in the
50 kg; suspension damping,), 1429.84 Ns/m; and gas springpresence of the mass uncertainty. The parameter uncertainty of
constant kg), 1114.86 N/m. Am is imposed by 15 kg. The control result directly implies the

4.2 Test Results and Discussions.An experimental appara- effectiveness and robu;tness of the proposed control system. _In
tus is established as shown in Fig. 5 to evaluate the effectiven&d@: 7, We see that the vibration level at the resonance excitation is
of vibration isolation of the proposed suspension system. The sEgguced by applying the control voltage, as expected. In addition,
suspension is mounted on the vibration platform, and two sari§lis observed that the control electric field is applied according to
bags accounting for the driver mass are loaded on the seat. i@ imposed actuating condition given by E48). In order to
acceleration from the accelerometer mounted on the seat cusHi§inonstrate a practical feasibility of the ER seat suspension sys-
and vertical displacement from the LVDT2 are measured and f&m, a durability of the control performance is tested and pre-
back to the sliding mode controller. The control electric field desented in Fig. 8. The seat is excited with the frequency of 1.6 Hz,
termined in the controller is provided to the ER seat damper wighich is the system’s natural frequency, and the magnitude of
the D/A converter and high voltage amplifier. Figures 6 and 20 mm. Itis clearly seen that the displacement increases as time
present uncontrolled and controlled responses in frequency agmris on without the controller. This arises from the fact that as
time domains, respectively. The uncontrolled one is obtained fitme increases the operating temperature of the ER fluid increases.
the absence of the electric field without activating the controller. fthis change in operating temperature results in a change in the
is seen that the suspension system has the natural frequency ofptdperties of the ER fluid such as the viscosity. However, the
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E 60 controlled E 60 controlled
£ £

= €

[ (1]

£ =
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Fig. 7 Control responses of ER seat suspension system in time domain
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degradation of the damping performance is not observed in the . . 1
controlled case. This advocates the robustness and durability of Z11=1245, 212=J—(cf57df6) (21)
the proposed control system under variable operating conditions. ¢
where,
5 Full-Car Responses via Hardware-in-the-Loop
Simulation fi=ku(dn—21)

5.1 Dynamic Model.

mary, cabin and seat suspension systems is shown in Fig. 9.
The excitation input from the road is transmitted through to
This causes undesirable vibrations on the

the cabin floor.
driver. By  defining

_[qpl qpl qp2 qp2 Ube

A full-car model consisting of p

derive the following equations of motion:

7,=2,,
Z3=124,
Z5=7,

z,=1g,

29=1210,

ri- fo=Kpi[z1—(zs+taz;)]+cpi[z,— (zs+azg)]

fa=Kpo(dr2—23)

fa=Kpal 23— (25— bz7) ]+ Cpal 24— (25— b7g) ]

the state variables asz
Uoe ¢ & Gec Gec 0 6] T, we fe=Kei[ (Zs+a127) — (Zo+ C249) ]+ Cer[ (Zo+ a12g) — (Z10+ CZ10) ]
1 fe=Keal (Z5+0127) = (29— dZ19) ]+ Ceol (26 + b125)
2=, (17 f2) ~(210-d2))] (22)
. 1 The governing equations are to be solved by a digital computer in
Z4=m—(f3—f4) real-time. It is also noted that the cabin floor displacement is
p2

. 1
Zezm—b(f2+f4)
. 1
28:_(af2_ bf4)
Jb
(fs+fe)

. 1
Zin=—
10 me

ER Seat Suspension System

0
=5 )(mc Ie)
ke A e
s, g S
9p1 1&1 cpl qpﬂ—kp2 fnpsz
Road qr A3 ka'? qp tike

Fig. 9 Dynamic model of a full-car suspension system

represented byo=2z9—ez;. This cabin floor input is to be ap-
plied to the ER seat suspension system via hydraulic servo-
actuator.

5.2 HILS Results and Discussions. From a practical point
of view, the proposed ER seat suspension system should be in-
stalled on a full car, and its effectiveness for the ride quality needs
to be tested with respect to various road conditions. However, it is
very expensive to completely build the entire full-car system with
hardware from the start. Therefore, we adopt a hardware-in-the-
loop simulation(HILS) in which a full-car system model consist-
ing of the primary and cabin suspension systems is incorporated
with actual hardware of the proposed ER seat suspension system.
Figure 10 presents a schematic configuration of the HILS method.
In the real-time simulation, the road and driving conditions are
adopted for the conventional CO[Eab over enginetype com-
mercial vehicle model. The system parameters of this model are
listed in Table 1. The full-car model of a commercial vehicle in
the computer system is to be excited from prescribed road pro-
files. The cabin floor displacement is calculated and then the dis-
placement signal is converted to the hydraulic control unit for
controlling the road input to the platform. When the vibration is
transmitted to the ER seat suspension system, the signals, which
are acquired from the LVDT2 and accelerometer, are converted to
digital signals via the A/D converter. The sliding mode controller
is then activated to reduce the vibration level at the seat cushion.
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Table 1 System parameters of the full-car model

Parameter

Value Parameter Value
unsprung mass 1nf,) 803 kg primary suspension damping t4) 33000 Ns/m
unsprung mass 2f;,) 1503 kg primary suspension damping 2,6) 33000 Ns/m
car body massr(y,) 3450 kg cabin suspension damping &.{) 5073.5 Ns/m
cabin massi) 950 kg cabin suspension damping 2.6) 5073.5 Ns/m
car body inertia J,,) 9500 kgm? from car C. G. to steer axl@) 1.15m
cabin inertia (.) 800 kg m? from car C. G. to rear steer ax(b) 2.8 m
tire stiffness 1 k;) 4,000,000 N/m  from car C. G. to front end & 1.8 m
tire stiffness 2 k») 4,000,000 N/m from car C. G. to rear end (p 34 m
primary suspension stiffness k¢) 40,000 N/m  from cab C. G. to cabin front efg) 0.85 m
primary suspension stiffness Rf) 40,000 N/m from cab C. G. to cabin rear et 1.15m
cabin suspension stiffness k() 63,757.5 N/m  from cab C. G. to seat suspeng®n  0.01 m
cabin suspension stiffness R.§) 63,757.5 N/m

The experimentally measured vibration levélisplacement and performance of the ER seat suspension is substantially improved

acceleratiop are integrated with the excitation magnitude antb satisfy ISO limit over a wide range of frequencies. It is also

control logic in real-time fashion. seen that the proposed control system is very effective when sub-
Figure 11 presents frequency responses of the proposed conjgoted to uncertainties in the mass. This implies that we can

system under two different types of road conditions. The roaxthieve the control robustness using the sliding mode controller.
profile for the HILS is generated by using the homogeneous

Gaussian random proce$80]. For the asphalt road, the road i
roughness factor, covariance, and vehicle velocity are chosen &y Conclusions

0.15m™%, 9 mn?, and 20m/s, respectively. The corresponding An ER seat suspension system was proposed for commercial
values for the paved road are 045, 300mn?, and 7m/s. As vehicles and its control performances were investigated. After
shown in Fig. 11, the frequency responses are compared with [&@nufacturing a cylindrical-type ER seat damper, field-dependent
2631FDP-1 hr limit[13], which specifies comfort boundary of damping forces were tested. A sliding mode controller was then
human beings for acceleration power spectral derf§i8D. The designed by considering the driver mass as the parameter uncer-
PSD values of acceleration are measured from the low-frequerteynty to reduce the vibration level at the seat cushion. Favorable
accelerometer positioned on the seat cushion. It is clearly oldbration isolations have been achieved by realizing the controller
served from Fig. 11 that the acceleration level of the uncontrolled the presence of the uncertainty. In addition, the hardware-in-
case exceeds the I1SO limit in the neighborhood of the first motiee-loop simulation was undertaken to demonstrate the practical
natural frequency. However, using the sliding mode controller tHeasibility of the proposed system. The vibration level represented
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Fig. 11 Frequency responses on the seat cushion via HILS
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