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Abstract To achieve ntelligentvehick suspensionw ih m agneio-theobgical (MR) fluids dan pers extensive laboratory
m easurements are perfomed to test the hysteretic force-velocity (f— v) chamcteristics of aM R-danper under a wile
range of drive current and ham onic excitatbon conditions ( frequency and stioke). The poposed asymm etric danping
force generaton (ADFG) alorihm & enpbyed to generate the asymm etric dan p ng force n compression and rebound
fran a synm etric M R-damper design and the pwoposed generalized model & empbyed b chamcterize both synmetric
and asymm etric hysteretic/— v chamacteristics The measured data are used © dentify the model parmeters and the
model results are compared with them easured data to assess effectiveness of the proposedmodel synthess The resulis
show reasonably good agreements between model results and measured data irrespective of excitaton conditbns and
drive current and thus verify that the proposed ADFG algorithm can be used as a fundan ental con ol policy for yieldng
asynm efric f— v chamacteristics fran te symm etric MR—dan per design
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Themagneto-theological (MR ) fluid-based damper have been w dely exp bred for their potential mplem en-
tation in vehicle suspension and shown its superpr potential perfomance benefits n rehtbn to conventional hy-
draulic dampersl " The requ irem ent of adequate ride mwad-holding handlng and directional control stability
perfomance of road vehicles entails variab le danp ng which could be achieved w ith MR dam pers w ith onlym -
mal power consumption, unlke a fully actve suspensionwhrh coul add or ranove eney depending upon the
demand w ith the help of an elaborate pow er supply The sen +actively controlled M R—fliid dampers exhibits h igh-
ly nonlnear variatbns n danpng force attrbuted to the hysteresis and force-lim itng properties of the fid as

finctions of ntensity of applied magnetic fied and disp lacan ent and vebceity of he piston and offer rap d var+
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ations in danp ng properties n a reliable failsafe manner since they continue to provide adequate danping in a

- . . [4
passivem anner n the eventof contwol hardw are m alfincton

. However the reported MR—fluid dam pers have
beenmostly devebped to yel synmetric danp ng forces in canpresson and rebound when the excitation is of
symmetry The vehile suspension designs generally require the asymmetric danpers for mproving the road hol-
ng and rile suspensbn mquiremem‘s[i it is thus essential to synthesize a fandamen tal controller akorithm to
yel the asymmetric force-velocity (f— v) characteristics fran the symm etric M R—dam per desin.

In this study the proposed asymm etric danping force generation (ADFG) a]gorithm[ﬁ] B enp byed to mod-
ulate the drive current n asymmetricmode to generate the asymm etric dan p ng force n cam pression and rebound
for a symmetricMR-danper design and extenswe laboratoy tests are perfomed to characterize both symm etric
and asymm etric dependence of hysteretic damp ng force of a cand date MR—dan per under a w ide range of drive
current and excitation cond itions ( frequency and stroke). The proposed generalizedMR—danpermodei” is fur
ther enp byed to characterize the synm etric and asymm etric hystereticf'— v character stics of the controllableMR
dampers The generalized model synthesis n conjunctbnw ith the measured data of both symm etric and asymm et
ric damp ng characteristics are used to identify hemodel paraneters Sinulations are perfomed to assess the ef
fectiveness of he proposed model synthesis and results obtaned under wide range of smulation cond itions are
canpared w ith those obtaned fran themeasured data It & noted that the suudy has been partly published in the

. . . . 8
recentW SEAS ntemational conference as an invited plenary lecture "

1 Characterzation of Symmetric and A symm etric H ysteretic F' — V Characteristics

A MR-danper devebped by CARRERA'” and pictorially ®
shown n Fig 1, is consilered for characterizng its danp ng pwop-
erties i the laboratory. The considered danper desined for aute-
motwe applicatbng coull povile a total stroke of 200 mm. The
damper is amone-tube desin and canprises floating piston wh ch
separates he MR—flui and gasm edia The piston is designed w ith
annu lar orifices and camprises electre-m agnetic coils to generate
magnetic field n response to an app lied electric current The var+
ations in viscous and shear properties of the fliid caused by the Fig.1 A pictorial view of a candidate MR-damper
app led magnetic fiell yield variations in dan p ng force deve bped
by the damper and a direct current Imited to 0. 5A at 12 V serves as canmand signal for the coils
1.1 Test Apparatus and M ethodo logy

A H andw are- i-the- bop (H L) test platfom, as shown
n Fig 2 is developed n the laboratory br this study[ ToA
vo ltage-to-current circu it is designed to realize different con-
stant levels of current excitatbns for he coil The cand date
M R-damper is nstalled on anMTS electro-hydraulic vibration
exciter betw een the exciter and a fked nertal frane hrough
a force transducer Positon (LVDT) and vebciy (LVT)
sensors are also hslalled on the exciter to measure inslanta-
neous position and velocity of the damper piston The danper

is subpet to hamonic dsplacement excitatbns of different -\’

constant amp liudes at sekcted discrete frequencies to char | .Servo—controller, 2.Data acquisition, 3.DC power supply.

. . . . I 4.Te ature itor, 5.Force transducer; 6.MR-da
acterize its properties over a w de range of excitations The ; H« n;per; ure lulutm or orce transducer damper
.Hydraulic actuator

force vebcity and displacement data acquired through a

Fig.2 A pictorial view of MR-damper test system
data acquisition board are directly mported nto an Excel
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worksheet using Dynan ic DataExchange to obtain an on-Ine disp lay of the hysteret f— v characteristics A duw
al regu lated DC power supply & used to supply he canmand current to the damper A themocouple is also
mounted on the danper body to monitor the dam per tenperaure The experm entaldata under each condition are
acquired n the vicinity of a defned tenperature range (40 £10CT), so as to suppress themal effects in the
characterizatbn task

Them easurements are initially perfom ed under low amplitude excitation at a frequency of 0. 1H z and the
measured force is considered to represent the seal friction assun ng negligible contrbutons due to MR-fluid
damping at extremely low velocities The damper is hen sub pcted to a selected excitation conditbn and current
using the serve-contwller and he voliage-current circu it respectively and the ampliudes of displaceament exc+
tations at hgher frequencies are limited to lower values to ensure damper operation w ithin safe velocity lin its
Them easured signals are displayed n the fom of tine-histories and Lissajious cuwes n force-vebeity (f— v)
and force-displacement (f'— d) corresponding to each test conditbn The acquired data are subsequently ana-
lyzed to characterize mportant properties of he MR—flhiid danper
1.2 Symmetric Hysteretic f— v Characteristics

Ow g to symmetric damp ng design of the danper a voltage-to-current circuit is initially applied to obtain
thef— v characteristts symmeitric n canpression and rebound under a fied drve current and hamonic excita-
ton The symm etric hysteretic f— v characteristics of the cand date damper are m easured under snusoidal dis-
placement ex citations at several d iscrete frequencies in the 0 to 15Hz range which is considered to represent the
range of predan inant vehicularmotbns along the vertical axis The tests are perfomed under different constant
magn itudes a,, of displacement ranging fran 2.5 to 75Smm, and canm and current iy n the 0 to 0.4 A range
The f— v characteristics measured under a few sekcted excitation conditions are mitially analyzed to build an un-

derstand ng of dynam ic behavbur of the MR-danper
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Fig.3 Measured symmetric f-v characteristics of a MR—-damper under different drive current and harmonic excitation conditions

Fy 3 illustrates a group of symmetric hysteretic/ — v characteristics m easured under selected hamonic exc+
tations and drive currents F i 3(a) shows the measured f— v characteristics under different drive currents at
2. 5H z hamonic excitation w ith amplitude of 12. 5 mm, where the danp ng force strongly depends on both drive
current (i ) and damper vebcity (v,= x?), and behavbrs nearly lnear rise at low velocities in the pre-yield and
force saturation athigher velocities in the postyield Fi 3(b) and (¢) farther show that the nonlnear danp ng
properties are also strongly dependent upon the excitation frequency and amp liude respectively In the passwe
mode (ig= 0), shown nFi 3(b), the danping force vares nearly lnearly with velocity, particularly at fre-
quencies above 5.0H z and the change n he danping coeffic ent observed at the onset of postyiel tends to d+
m inish under higher excitation

The above results reveals that the dan ping pwoperties of the cand date dam per strongly depend on the m agn+
tudes of drive current and the excitation frequency and anp liude, and furher reveals the essential dynam ic be-
havior of the cand date MR—dam per such as the conirolhble property passive behavior and hysteresis phenan e-
non
1.3 Asymmetric Hystereticf — v Characteristics

The vehicle suspensions are usually desgned to realize asynm etric danping to achieve canpmm ise among
the conflicting ride road-hod ng and directional control perfom ances whereas the candidateM R—dam per is de-
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sened to povie only synm etric dam ping force in canpresson (,> 0) and rebound (v.< 0). For this purpose
the authors have proposed an asymmetric damping force generaton (ADFG) a]gorithm[é], which can be an—
ployed to yield the asynmetricf'— v characteristics fom the symmetricMR—danper desgn by lm ithg the drive
current iy to a lowervalie i, during canpressbn and sv itch ng the drive current to a hgher value & durng re-
bound motion. Such an approach hovever would cause transient responses due to switching discontnu ities a-
round v,= Q0 and an algebraic filterng techn que w ithout phase delay is integrated n the algorithm to suppress
he current discontnuity The asymmetric drive airrent of the MR—dam per & is fomulated as

w=M,(p, & v.)is (1)

Mp(Paga”r)Zl—-;B+—]%|:p(vr> O)U(vr<o)_1_+22] ‘m‘l[g—lﬂ (2)

Um
W hereM , is themultiplier of the proposed ADFG akorithm, u, is the peak relative vebeity p is asymmetry
factor of drive current (0Sp<1) and & is smoothing factor defin ng the slope of the arctan functon (&> 0).
By app yng the proposed ADFG akoritm to modulate the drive current shown in Eq (1), the experinents
are perfom ed to characterize he asynm etric danping force under different test conditons and usng p = 0 and

&= 2 nM , fancton. Thiswould yield i, = 0 and i = i. Fig 4 illistrates hemeasured asymm etric hysteretic f —

v characteristics correspondng to the selected excitation conditions and iy ranging fran 0 to 0.3 A. The resulis
show that the sane cand date damper can provide asynm etric danp ng force in canpression and rebound n con-
tnuousm anner The chosen param eters of the modu lation functon yield asymm etric danp ng force ratio (Y) in

the order of 4 for bw velocities
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Fig.4 Measured asymmetric f—v characteristics of a MR—damper under different drive current and harmonic excitation conditions

2 M odeling Symmetric and A symm etric H ysteretic F' — V Characteristics

The vehicle suspension systems are generally designed w ith asynm etric damping characteristic to achieve a
better cam pram ise anong different con flictng perfomance measures while the above results show the availab le
symm etric MR-damper can generate the acquired asynmetrc damp ng force n rebound and campression by en—
ployng the proposed ADFG algorithm. The authors have also proposed a generalized model to characterize both
symm etric and asymm etric hystereticf— v characteristis ' . The generalized hysteretic/— v model is bmula-
ted as

1_ e—a(1rr+nh+ nh)
Ci Fl 1+ e’““’r*“h* vy) Fh (1+ kvc IU,- |) Uy >0,

F(l (UB lll) = 1 e—a(wr+ vt vy)
C i F[ T —aln a0 o)

(3)
efrl(vl_+1;h+ vy) - Fh (1+ kve IU,- l) v < 0'

Themodel nvoles feature parameters (F, Fi, v, v, @& ko k) that are dependentnotonly on he na
ture of excitation u,, but also on the drve current i4. The transiton force F', current dependent function C;,
constant @, zero-force velocity interceptu,, force offsetF'), velocity offsetw,, and high vebeity Inear rise coeffs

cients k.. and k,. are expressed as

F=Fy(l+e'™), (4)
. k> k> S
Ci(ld)= I+ 1+ e—az(idJrlo)_ 1+ 6711210 Ci(ld)/la (5)
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a=ao/( 1+ kovw ), (6)
.. ks ks

vh= sgn(x, ) kavn | 1+ 7o " 1 e_agzl] , (7)

Fo=kCF, v,=kevn (8)

kve=kioe " k= kioe M, (9)

= [ - %ix.. (10)
Themodel requires dentificaton of a total of 16 paraneters (Fo Iy [, ay a, a, a3 as, hk, ko
kio ka ks, ks ks ke) fran the measured data for the asymmetric characteristics and can be smplified to
characterize the synm etricf— v characteristics by lettng ks = k¢= 0 and ki = k.= k.. Itshoull be noted that the
proposed generalized hysteretic/— v model has a little m odification fruum that in the force offset param eter fom u-
lation F,".
The generalized hystereticf/— v model synthesis h conjunctonw ith them easured data for the symm etric and
asymm etrc danp ng characteristics are used to dentify themodel paran eters In order to characterize the danp-
ng properties over w ile ranges of applied current and excitation conditbn, a cost functon U is fomulated to -

. : LR
corporate the squared errors corresponding to different test conditons ” *.

L K J
U= 22 00 F (s vo)iii=Falis o)l (11)

[
W here F(; 1, y is the magnitude of measured danping force correspond ng to fh coordinate of the hystewn
loop k" carrent and I frequency. F ;i 4 is the correspond ng damping force canputed fum themodel J, K
and L defne the levels of data ponts currents and frequences consdered n the squared sum error function U.

Tables 1 and 2 sunm arize the paraneters of the symmetric and asymm etric models dentified fran the m eas-

ured data
Tablel Identified symm etric m odel paran eters of the candidate Table 2 Identified asymm etricm odel param eters of te
MR-dan per candidate MR-damper
Paran eter A symm etry Param eter A symm etry Paran eter A symm etry Paran eter A symm etry
a 2. 985 ko 125. 987 ag . 995. 499 ky 16. 877
a, (m/s)" ! 5.197 k, 11. 20 ap (m /“)1 L 417 Z'e 4.673
ay A 7. 258 ky 9. 244 az A_l 5225 2 10. 61
-1 az A 2 441 ky 10. 666
E}A 6. 635 k3 9. 186 ) 1
(m/s)~ ! 7. 504 k 0.119 o (m/5) 2383 k4 S 015
m/s E -0
“ / e I A 0 268 s 0. 20
I, A 0. 079 Fy N 68. 506 1A L 131 ke 0. 453
b A 0. 267 ko 177. 51 Fo N 79. 92

3 ModelValidations

The proposed generalized hysteretic f — v model is further validated for both symmetric and asymm etric
damping propertes of he MR—damper by canparng the model resulis with the m easured data under a wie
range of excitaton cond itions and magn itudes of drive current

Fx 5 shows canparisons of the symmetricmodel results in tems of f— v characteristics w ih he measured
data under different test cond itions F i 5( a) illustrates the can parisons under d ifferent drive currents (= 0 to
0.4A) atl.5H zhamonic excitation w ith ampliude of 12. 5Smm. Fi 5(b) and (¢) show canparisons of re-
sults under d ifferent excitatbn anp liudes in the 2. 5 to 50mm range and frequencies n he 0.5 to SH z rangeg
while the applied current is held fiked (iq= 0.2 A). The above results generally show reasonably good agree-
ments beween the symmetricmodel results and the test data over the entire range of test cond itions consilered
wih the exception of those attained athigh frequencies

The proposed asymm etric hysteretic f— v model is furher valdated under selected ranges of ex citations and
drive currents Fig 6 illustrates the canparisons of themodel results w ith them easured data under d ifferent drive
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currents (=0 to 0.4 A) and low frequency excitations (f= 0.5 and 1. 5Hz @, = 12.5 and 25mm). The
canparisons of model results with the measured data generally show reasonably good agreem ents between the

model results and he test data over the range of test conditbns considered irrespectve of the applied current

and excitation conditbns within the bwer frequency range
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Fig.5 Comparisons of symmetric model results with the measured data under different excitation conditions
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Fig.6 Comparisons of asymmetric model results with the measured data under low frequency excitations and drive current

4  Conclusion

Extensive laboratory measuranents show that the proposed asymm etric damping force generation (ADFG)
algorithm is available for generating asymm etric danp ng force n canpression and extensbn fran the symm etric
M R-danper and the proposed generalized model can accurately characterize boh symmetric and asymm etric
hystereticf— v characteristics of the MR danpers irrespective of the excitation conditions and drve currents
The results effectely illustrate that the proposed ADFG algoritm and generalized model could be employed to

synthesize advanced sem i- active controller for mplementation in vehicle suspension w ith theMR danpers
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