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Abstract: On the basis of the generalized asymmetric hysteresis model which has recently been proposed by the authors, this
paper deals with sem+ active corirol for the vehicle suspension vibration attenuation by employing a semi actively controllable
magnete-theological (MR) fluid damper. The proposed asymmetric model of an MR- damper is employed in a 2-DOF “ quar-
ter-caf model, and the skyhook” control law & applied to implement variable damping deduced from the MR- damper. The
simulation results demonstrate the contributions of damping asymmetty and hysteresis in response to the semt active susper
sion, and suggest that the semi active nonlinear contwller synthesis can be greatly simpliied to achieve superior vibration a—
tenuation perfomance of the vehicle suspension.
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1 Introduction

In order to satisfy the various cnflicting performance requirements of automotive suspensions, a vast number of
semtactive and active suspension systems have been explored to generate variable forces in accordance with the
varying excitation and response variables' '’ , and the vehicle suspensions are designed to provide highly asymmetric
damping in mmpression and rebound to ensure adequate tire-road interactions. The studies on semtactive variable
damping concepts using conventional hydraulic dampers have established that such dampers can effectively track the
force that could be generated by a fully active force generator when the force is of dissipative nature, while the asse-
ciated cost and hardware complexities are considerably lower>! . The semi active controllable MR dampers have been
commercially developed for vehicle suspension applications'®!. However, the MR-dampers exhibit highly nonlinear
variations in damping force attributed to the hysteresis and force- limiting property as functions of the intensity of the
applied magnetic field, and displacement and velocity responses of the piston'™, and the reported studies invariably
consider damping properties that are symmetric in compression and rebound'* .

In this study, a generalized asymmetric hysteresis model of the MR- damper, newly proposed by the authors in

literatures!

, is employed within a 2- DOF “ quarter car” model, and a sky hook based sem+ad ive controller is also
applied to evaluate the system dynamic performance. The results show tha the semtactive MR damper can yield

considerably superior vibration attenuation perfoimance for vehicle suspension, and the contributions due to hystere-

Receipt date: 2003— (3- 27.

Foundation Items: Supported by the Senior V siting Scholarship of Chinese Scholarship Council (20H05002) , the Natural Science Foundation of the
Education Commission of Jiangsu Province (03KJB510072) and the Doctoral Scholaship of Concordia University in Canada.

Biographical Notes: Wang Enrong ( 1962), male, Ph. D graduate, associate professor, erwang @ njmu. edu. cn, the interested researches are ap-
plication study of santactively controllable magnetorheological fluid danper in vehicle suspension and projects corresponding to the discipline of electrical

engneering & automation.



( ) 3 3 (2003 )

sis are further discussed.

2  Asymmetric Hysteresis Model

Figure 1 illustrates a schematic of an MR- damper, comprising electre- magnetic coils and bleed orifices within
the piston, and gas and hydraulic chambers within the cylinder that are separated by a diaphragm. The force versus
velocity (f — v) charaderistics of the MR- damper, asymmetric in compression and rebound corresponding to a spe-
cific control current, could be characterized by the generalized hysteretic loop depicted in Fig. 2. The damping
charaderistics, specifically the force-limiting nature and the magnitude of hysteresis, are strongly dependent upon

the magnitude of the control current and the nature of vibration!*'. The generalized asymmetric model was formulated

as follows! "
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S refers to the transition force, taken as the mean value of f;, and f,, which strongly depends upon the cnirol cur-

rent ¢ and the peak velocity v,
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The damping coefficients in compression and rebound, k. and kve are expressed as a function of the peak ve-

locity vy
kvcz klc' e 44" and kl!e: kle.67 4 (4)
The parameters vq and f'4 define the asymmetry in terms of offset in the velocity and force axes, respectively
Sa= ks*fand va= ke¢* vn (5)
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Fig. 1 Schematic of an MR-damper Fig. 2 A generalized asymmetric hysteress loop

The model expressed in (1)~ (5) requires identification of a total of 16 parameers (ao, a1, a2 a3z, as, Lo,
I, fo, ko, kic, ke, k2, k3, k4, k5, k6) from the measured daa, and can be easily simplified to yield mean asym-
metric f — v characteristics by letting k4= 0, and can be also reduced to characterize symmetric f — v characteris-
tics by letting k5= k6= 0 and kic= kie. Furthermore, the peak velocity parameter vm can be estimated from the
nstantaneous velocity, position and acceleration responses. For harmonic excitaion and response, this parameter is
ohtained from' ¥
oy
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iz ans 0= [ Tox (6)

where, x, ¥>(v= x> and x represent the relative displacement, velocity and acceleration of the piston, re-
spectively.

A vehicle suspension, equipped with nonlinear and asymmetric MR- damper, however, may yield nos-harmonic

responses. Assuming that the damper exhibits hysteretic f'— v charaderistics that are primarily dependent upon the

fundamental harmonic component, Equation (6) could be effectively applied to estimate the value of v, through ap-

plication of a second order low-pass filter function, H(s)= (wc_l—ls_'_l)z, where @ is the cutoff frequency.
Herein, the measured f— v data, acquired Table1 Model parameters identified from the measured data
for a commercially available symmetric MR- Parame er Value Parameter Valie
damper under a wide range of control currents and ao 1300 ko 125
excitation and response conditions, was consid  a, (m/s)"! L7 ky, 2.5
ered for model parameter identification, and the  as, (amp)~' 2.8 ky, 5.2
asymmetric f — v behavior was realized from the  as, (amp)~! 1.55 ky 19.4
available data by introducing constant offsels in 4, (m/s)-! 4. 60 ky 29
the force and velocity, such that the resulting data I, amp 0. 05 ky 0.095
resulted in an asymmetry factor of about 4. The I, amp -0.08 ks 06
resulting asymmetric f— v data is used to identify foN 17.9 kg 012

the model parameters expressed in (1) ~ (6),
which are summarized in Table 1177

Figure 3 shows a comparison of the model results with the measured data comprising the constant offsets. Fig-
ure 3(a) shows the computed results and measured data attaned under 6. 25 mm peak displacement excitation at a
frequency of 5 Hz, while the current is varied from O up to 1.5 A. The results attained under constant current of
0.75 A and 6. 25mm amplitude different frequencies are presented in Fig. 3(b). The results show reasonably good

agreements between the model results and the measured data.
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Fig. 3 Comparison of computed and measured f— v characteristi cs of an asymme tric MR-damper ( Simulation; measured)

3 Semi- active controller synthesis

The proposed model, formulated in (1)~ (6), is applied in a 2 DOF “ quarter car” vehicle model as shown in
Fig. 4 to study the behaviors of the dynamic system on the suspension performance. A skyhook control scheme' 'l is

applied, on the basis of mean and hysteretic f— v characteristics, to explore the influence of hysteresis on the per-

_3 —
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formance. The “quarter-car” model comprises a sprung mass m, and unsprung mass m,, and a suspension repre-
sented by a linear spring k; and the damping force / expressed in (1) . The tire is charaderized by a linear spring £,
and viscous damping ¢: with a point contact with the road. The motion equations of the system are written as
me s+ ks(xs— xu)+ f= 0
mau+ ci(xa— x2)+ ki( xu— xi)= ks(xs— xu)—f=0

where x; denotes the displacement excitation at the tire-road interface, and x;

(7)

and xu are the displacement responses of the sprung and unsprung masses, re-
spectively. The relative velocity of the piston is defined as v = x3%% in the
above- mentioned damping model. The damper undergoes compression when x%
- 22> 0 and rebound motion when xz— 2% <0.

The quarter car model is initially analyzed under sinusoidal excitations in

the 0. 5 to 20 Hz range with displacement magnitudes of 1.25 em and 2.5 em.
The model parameters used are: m; = 288.9 kg, m, = 28. 6 kg; k,= 19.96 Fig 4 2DOF* Quarter car” model of
(8] . . . the vehicle comprising the variable MR-

kN/m; k;= 155. 9kN/m; and ¢;= 100 N*s/m'™. A semi active control poli-
cy, based upon the skyhook control, is formulated as follows

kelxzl;  x3(x3- x%) 0

0; x2(23— 22)< 0
where k is a adjustable gain of the “skyhook” control law, and i is limited to 1. 0 A.

damper

(8)

4 Results and Discussions

The simulations are performed using 0. 25 Hz cutoff frequency m the low-pass filter and “ skyhook” control
gain of 7. Figure 5 shows the time-histories of the controller employing a sem+ actively asymmetric MR- damper un-
der selected excitation conditions. Fig. 5(a) illustrates control cndition logic (or-off) corresponding to (4) , while
Fig. 5(b) shows the response of the control current. The conirol logic depends on the signs of the sprung mass ve-
locity and the suspension relative velocity, which are illustrated in Fig. 6. The cnirol logic, as shown in Fig. 5
(a) , can be easily deduced from Fig. 6 in subjed to the condition of (4).
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Fig. 5 Comparison of control values with mean and hysteretic

The effect of damping hysteresis on the semi- active suspension response is investigated by comparing the sprung
mass velocity and the suspension relative velocity of the system with those attained using the mean damping curve in
Fig. 6. The results show that the damping hysteresis yields considerable peak noise shoot at specific instants in the
response. This is caused by the control logic turning form off to on and the hysteresis effect at the time of relative

velocity being cross over the zere-velocity critical point. Furthermore, the unsmothness of responses are caused by

_4 J—
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the nonlinearities of system owing to the sem+ active nonlinear controller, and the damping force saturation, control

current saturation and the hysteresis of the MR- damper.
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Fig 6 Comparison of responses with mean and hysteretic damping

The model synthesis employed in the simulation utilizes the estimation of peak velocity vm using the proposed
filtering methodology. Figure 7(a) illustrates a comparison of v, derived from ( 6) with that estimated using the low-
pass filter. The results are shown corresponding to an excitation frequency of 2. SHz and peak amplitude of 2. 5 cm.
It is evident that the velocity response attained without the filter yields considerable random noise that is attributed to
the hysteresis and the force limiting properties of the MR damper, while the use of filter yields mean value of vm.
The results clearly show that the filter function can effectively estimate the peak velocity response. The use of the
filter fundion yields insignificant influence on the system response as evident from the sprung mass displacement re-

sponse shown in Fig. 6(b).
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Fig. 7 Comparison of the peak velocity and the sprung mass accel eration responses of the model with and without the fil ter

Figure 8 reveals the effects of skyhook control gain on responses of the sprung mass acceleration and control
current. The results show the comparison of responses in a smaller gain (k= 3) with those in a larger gain (k=
7). The use of a smaller gain can partly reduce the above-discussed peak noise shoot caused by hysteresis and on-
off control logic, and economizes the mput power requirement, but it may yield poor suspension performance due to
limited damping force.

Figure 9 shows the acceleration transmissibility responses of the sprung mass of the quarter-vehicle model em-
ploying passive (oper-loop; i= 0. 2A and 0. 5A) and sem#t active ( closed loop) damping, both being hysteretic.
Owing to the downward shift in the displacement resporse!”, attributed to damping asymmetry, the mean transmis-
sibility magnitudes are evaluated from the peak peak response magnitudes. The results clearly show that the sky-
hoole based sem+adive wntrol effectively suppresses the sprung mass resonant responses ( around 1.2 Hz and 10. 5

— 5 —
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Hz) , and yields superior vibration isolation. The results further illustrate that the MR- damper is an ideal sem+ ac-

tive controllable actuator. The transmissibility tends better with the increase of control current even in the openr-loop

system.
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Fig. 8 Influence of control gain on the sprung mass acceleration and the control current

5 Conclusions

.. . . . z 10 .
An analysis is performed on a quarter vehicle model in conjune- : 5 — Clowdlon
tionwith the skyhook semi-active control of an asymmetric and hys- .2 , \ == i=0.24
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teretic MR damper. The effects of damper asymmetry and hysteresis &
=
on the response characteristics are investigated as a function of the 5 191
control gain. An estimation methodology based upon the use of a low- 2
. . . . S 10-2
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pass filter is proposed to estimate the peak velocity response as re- <
quired for the model synthesis, and the results show a reasonably E 10-3
L . . . 0 -1 1
good estimation of the mean peak velocity without altering the system 10 10°quuency 10 10?

response. The results further suggest that the semtadive MR damper gy 9 Comparison of sprung acceleration transmiss-
can yield considerably superior vibration isolation performance of the hilities of the open and closed systems

vehicle suspersion, and the contributions due to hysteresis could be

greatly reduced by selecting lower values of the skyhook control gain.
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