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Abstrac t: To ach ieve inte lligent veh ic le suspension w ith m agne to- rheo log ica l (MR ) fluids dam pe rs, ex tensive laboratory

m easurements are perform ed to test the hy ste retic force-ve locity ( f - v) characteristics of aMR-damper, under a w ide

range o f drive current and harm on ic exc itation cond itions ( frequency and stroke). The proposed asymm etric dam ping

force generation ( ADFG ) a lgor ithm is em ployed to genera te the asymm etr ic dam p ing force in compression and rebound

from a symm etricMR-damper design, and the proposed genera lized model is emp loyed to cha racte rize both symme tr ic

and asymm etric hysteretic f - v charac teristics. The m easured da ta are used to iden tify the m ode l pa ram e ters, and the

m ode l resu lts are compared w ith them easured da ta to assess effectiveness o f the proposed m ode l synthes is. The results

show reasonab ly good agreem en ts be tw een mode l resu lts and m easured da ta, irrespective o f exc itation conditions and

dr ive current, and thus verify that the proposed ADFG algorithm can be used as a fundam enta l con tro l po licy for y ielding

asymm e tric f - v cha racte ristics from the symm etricMR-dam pe r design.
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由对称型 MR阻尼器产生不对称滞环 F - V特性的描述
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[摘要 ]  为实现磁流变阻尼器驱动的智能车辆悬架设计,在大范围驱动电流和谐波激励条件 (频率和幅度 )下,对一 MR阻尼

器进行了大量的阻尼力 速度 (f - v )特性测试实验研究.应用提出的不对称阻尼力产生 ( ADFG)算法, 由该对称型阻尼器产生

不对称的延伸和压缩阻尼力,并应用提出的通用模型来描述对称和不对称滞环 f - v特性.测试数据用来对模型参数进行辨识,

并将模型计算结果与测试数据进行比较来验证所提模型的正确性.表明模型计算结果与测试数据在任意的激励条件和控制电

流下均具有很好的一致性,因此证明所提出的 ADFG算法可作为一基本的控制算法来实现从对称型 MR阻尼器设计产生不对

称 f- v特性.

[关键词 ]  磁流变阻尼器,不对称阻尼,硬件在环测试,模型
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  Themagneto-rheo log ica l (MR ) fluid-based damper have been w idely exp lored for their potential implemen-

tation in vehic le suspension and shown its superior potential performance benefits in re la tion to conventional hy-

draulic dampers
[ 1-4]

. The requ irement of adequate ride, road-holding, handling and d irectional contro l stability

performance of road veh icles enta ils variab le damp ing, w hich could be ach ieved w ithMR dampers w ith onlym in-

ima l pow er consumption, un like a fu lly act ive suspension w h ich cou ld add or remove energy depending upon the

demand w ith the help o f an elaborate pow er supply. The sem -i actively contro lledMR-flu id dampers exhibits h igh-

ly non linear variat ions in damp ing force, attr ibuted to the hysteresis and force- lim iting propert ies of the flu id as

functions of intensity o f appliedmagnetic fie ld, and d isp lacem ent and ve loc ity o f the piston, and offer rap id var-i
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ations in damp ing properties in a reliable fa i-l safe manner, since they continue to prov ide adequate damping in a

passivem anner in the even t o f contro l hardw are malfunct ion
[ 4]
. H ow ever, the reportedMR-fluid dampers have

beenmostly deve loped to y ie ld symmetric damp ing forces in compression and rebound when the excitation is of

symmetry. The veh ic le suspension designs generally require the asymmetric dampers for improv ing the road ho ld-

ing and ride suspension requirements
[ 5, 6]

, it is thus essential to synthesize a fundamen tal contro ller a lgorithm to

y ie ld the asymmetric force-velocity ( f - v ) characteristics from the symm etricMR-damper design.

In this study, the proposed asymm etric damping force generation (ADFG) algorithm
[ 6 ]

is emp loyed to mod-

u late the drive current in asymmetricmode to generate the asymmetric damp ing force in compression and rebound

for a symmetricMR-damper design, and ex tensive laborato ry tests are performed to characterize both symmetric

and asymmetric dependence o f hysteretic damp ing force o f a cand idateMR-damper under a w ide range of drive

current and excitation cond itions ( frequency and stroke). The proposed genera lizedMR-damper model
[ 7 ]

is fur-

ther emp loyed to characterize the symm etric and asymmetric hysteretic f - v character istics o f the controllab leMR

dampers. The genera lizedmode l synthesis in conjunct ion w ith themeasured data o f both symmetric and asymme-t

ric damp ing characteristics are used to ident ify themode l parameters. S imulations are performed to assess the e-f

fect iveness of the proposed model synthesis, and resu lts obta ined under w ide range o f simulation cond itions are

compared w ith those obtained from themeasured data. It is noted that the study has been partly published in the

recentWSEAS international conference as an inv ited plenary lecture
[ 8]
.

1 Character ization of Symmetric and A symm etricHystereticF - V Characteristics

A MR-damper, deve loped by CARRERA
[ 9]

and pictoria lly

shown in Fig. 1, is considered for characterizing its damp ing prop-

ert ies in the laborato ry. The considered damper, designed for auto-

mot ive applicat ions, cou ld prov ide a to tal stroke o f 200mm. The

damper is amono- tube design and comprises floating piston, w h ich

separates theMR-flu id and gasm edia. The piston is designed w ith

annu lar o rifices, and compr ises e lectro-magnetic co ils to generate

magnetic field in response to an app lied electric curren.t The var-i

ations in v iscous and shear propert ies o f the flu id, caused by the

app liedmagnetic fie ld, y ield variations in damp ing force deve loped

by the damper, and a direct current lim ited to 015A at 12 V serves as command signal for the co ils.

111 T est Apparatus andM ethodo logy

A H ardw are- in- the- loop ( H IL) test platform, as shown

in Fig. 2, is developed in the laboratory fo r th is study
[ 5]
. A

vo ltage- to-current c ircu it is designed to realize different con-

stant levels of current exc itat ions for the co i.l The cand idate

MR-damper is installed on anMTS e lectro-hydraulic vibration

exc iter betw een the exc iter and a fixed inert ia l frame through

a force transducer. Posit ion ( LVDT ) and ve loc ity ( LVT )

sensors are also insta lled on the exc iter to measure instanta-

neous position and velocity o f the damper piston. The damper

is sub ject to harmon ic d isplacement exc itations o f d ifferent

constant amp litudes a t se lected d iscrete frequenc ies to char-

acterize its propert ies over a w ide range o f ex citations. The

force, ve loc ity and d isplacemen t da ta, acquired through a

data acqu isition board, are directly imported into an Exce l

)2)
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worksheet using Dynam icDataExchange to obtain an on- line d isp lay of the hysteret ic f- v characteristics. A du-

al regu lated DC pow er supply is used to supp ly the command current to the damper. A thermocoup le is also

mounted on the damper body to monitor the damper temperature. The experim enta ldata under each condition are

acquired in the v icinity of a def ined temperature range ( 40 ? 10e ) , so as to suppress thermal effects in the

character izat ion task.

Themeasurements are initially perform ed under low amplitude excitation at a frequency o f 011H z and the

measured force is considered to represent the seal friction, assum ing neg lig ible contribu tions due to MR-fluid

damping at extremely low velocit ies. The damper is then sub jected to a selected excitation cond it ion and current

using the servo-contro ller and the voltage-current c ircu i,t respective ly, and the amplitudes of displacement exc-i

tations at h igher frequencies are lim ited to low er values to ensure damper operation w ithin safe velocity lim its.

Them easured signals are displayed in the form of t ime-histo ries and L issa juous curves in force-ve loc ity ( f - v )

and force-displacement ( f - d ) corresponding to each test condit ion. The acquired data are subsequently ana-

lyzed to characterize impo rtant properties of theMR-flu id damper.

112 SymmetricHysteretic f- v Characteristics

Ow ing to symmetric damp ing design of the damper, a vo ltage- to-current c ircu it is initially applied to obtain

the f - v characterist ics, symme tric in compression and rebound, under a fixed dr ive current and harmonic excita-

t ion. The symm etric hysteretic f - v characteristics of the cand idate damper are m easured under sinuso ida l d is-

placement excitations at several d iscrete frequenc ies in the 0 to 15Hz range, w hich is considered to represent the

range of predom inan t veh icularmot ions along the vertical ax is. The tests are performed under d ifferent constant

magn itudes am of displacemen,t rang ing from 215 to 75mm, and comm and current id in the 0 to 014 A range.

The f- v characterist ics measured under a few se lected excitation conditions are in itia lly ana lyzed to bu ild an un-

derstand ing of dynam ic behav iour o f theMR-damper.

F ig. 3 illustrates a group o f symmetric hysteretic f - v characteristics measured under selected harmonic exc-i

tations and drive currents. F ig. 3( a) show s the measured f - v characteristics under different drive currents, at

215H z harmonic excitation w ith amplitude of 1215mm, where the damp ing force strongly depends on both drive

current ( id ) and damper ve loc ity ( v r= Ûx r ) , and behav iors nearly linear rise at low velocit ies in the pre-y ield and

force saturation a t higher velocit ies in the pos-t y ield. F ig. 3( b) and ( c) further show that the non linear damp ing

properties are a lso strong ly dependent upon the excitation frequency and amp litude, respectively. In the passive

mode ( id = 0) , show n in F ig. 3( b) , the damp ing force varies nearly linearly w ith velocity, particu larly at fre-

quencies above 510H z, and the change in the damping coeffic ient observed at the onset of pos-t yie ld tends to d-i

m inish under higher excitation.

The above results revea ls that the damping properties o f the cand idate damper strong ly depend on them agn-i

tudes of drive current and the excitation frequency and amp litude, and further reveals the essential dynam ic be-

hav ior o f the cand idateMR-damper such as the con tro llable property, passive behav ior and hysteresis phenome-

non.

113 A symmetricHysteret ic f - v Characteristics

The vehic le suspensions are usua lly designed to realize asymm etric damping to ach ieve comprom ise among

the conflicting ride, road-ho ld ing and directional control performances, whereas the candidateMR-damper is de-
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signed to prov ide only symmetric damping force in compression ( vr > 0) and rebound ( v r < 0) . For this purpose,

the au thors have proposed an asymmetric damping force generation ( ADFG ) a lgorithm
[ 6]
, wh ich can be em-

ployed to y ield the asymmetric f - v characteristics from the symmetricMR-damper design, by lim iting the drive

current id to a low er va lue iL during compression and sw itch ing the drive current to a h igher value iH during re-

boundmotion. Such an approach, how ever, w ould cause transient responses due to sw itching discontinu it ies a-

round vr = 0, and an algebraic f iltering techn ique w ithout phase delay is integra ted in the algorithm to suppress

the current discontinuity. The asymmetric drive current of theMR-damper id is formu lated as

id =M p (p, N, v r) ic, ( 1)

M p (p, N, vr ) =
1+ p
2

+
2
P
p ( vr > 0)G ( v r[ 0) -

1+ p

2
tan

- 1 Nvr
vm

. ( 2)

W hereM p is themultiplier of the proposedADFG a lgorithm, vm is the peak relative ve loc ity, p is asymmetry

facto r o f drive curren t (0[ p [ 1) and N is smoothing factor de fin ing the slope of the arctan funct ion ( N> 0).

By app ly ing the proposedADFG a lgorithm to modulate the drive current shown in Eq. ( 1) , the experiments

are perform ed to characterize the asymm etric damping force under different test conditions and using p = 0 and

N= 2 inM p funct ion. This would y ield iL = 0 and iH = id. F ig. 4 illustrates themeasured asymmetric hysteretic f -

v characterist ics corresponding to the selected excitation conditions and id rang ing from 0 to 013 A. The resu lts

show that the same cand idate damper can prov ide asymmetric damp ing force in compression and rebound in con-

t inuousm anner. The chosen parameters of the modu lation function y ield asymm etric damp ing force ratio (C) in

the order of 4, for low velocities.

2 M ode ling Symmetric and A symm etricHysteretic F - V Character istics

The vehic le suspension systems are genera lly designed w ith asymmetric damping characteristic to achieve a

better comprom ise among different con flicting performance measures, w hile the above resu lts show the ava ilab le

symmetricMR-damper can generate the acquired asymmetr ic damp ing force in rebound and compression by em-

ploy ing the proposed ADFG algorithm. The authors have also proposed a generalized model to characterize both

symmetric and asymmetric hysteretic f - v characterist ics
[ 3, 7]

. The genera lized hysteret ic f - v model is fo rmula-

ted as

Fd ( vr, id ) =

C i F t
1- e

- A( v
r
+ v

h
+ v

b
)

1+ e
- A( v r+ vh+ vb)

- Fb (1+ kvc |v r | ) v r\0,

C i F t
1- e

- A( v r+ vh+ vb)

1+ e
- A( v r+ vh+ vb)

- Fb (1+ kve |v r | ) v r < 0.

( 3)

Themode l invo lves feature parameters (F t, F b, vh, vb, A, kvc, kve ) that are dependent not only on the na-

ture o f excitation vm, but also on the drive current id. The transition force F t, current dependent function C i,

constant A, zero-force ve loc ity interceptvh, force offsetF b, velocity o ffsetvb, and h igh ve loc ity linear rise coeff-i

cients kve and kvc are expressed as

F t= F0 ( 1+ e
a
1
v
m ) , ( 4)

C i ( id ) = 1+
k2

1+ e
- a

2
( i

d
+ I

0
) -

k2

1+ e
- a

2
I
0
 C i ( id )\1 , ( 5)
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A= a0 / (1+ k0vm ) , ( 6)

vh = sgn( &x r ) k4vm 1+
k3

1+ e
- a

3
( i
d
+ I

1
) -

k3

1+ e
- a

3
I
1
, ( 7)

F b = k5C iF t,  vb = k6vm, ( 8)

kve= k1e e
- a 4vm,  kvc= k1 ce

- a 4vm , ( 9)

vm = ( Ûxr )
2
- &x rxr . (10)

Themode l requ ires identifica tion of a to tal of 16 param eters (F 0, I0,  I1, a0, a1, a2, a3, a4, k0, k1 c,

k1e, k2, k3, k4, k5, k6 ) from the measured data for the asymmetric characteristics, and can be simplified to

character ize the symm etric f - v characterist ics by letting k5 = k6 = 0 and k1 = k1 c= k1 e. It shou ld be noted that the

proposed generalized hysteret ic f - v mode l has a littlemodif ication from that in the fo rce offset parameter formu-

lationF b
[ 5 ]
.

The genera lized hysteretic f - v model synthesis in conjunction w ith them easured data for the symmetric and

asymmetr ic damp ing characterist ics are used to identify themodel param eters. In o rder to characterize the damp-

ing properties over w ide ranges o f applied current and excitation cond it ion, a cost funct ionU is formulated to in-

corporate the squared errors co rresponding to different test condit ions
[ 5, 8 ]

.

U = E
L

l= 1
E
K

k = 1
E
J

j= 1

[F ( id, v r) j, k, l - F d ( id, vr ) j, k, l ]
2
. ( 11)

W here F ( j, k, l) is the magnitude o f measured damping force correspond ing to j
th

coordinate of the hysteron

loop, k
th
current and l

th
frequency. F d( j, k, l) is the correspond ing damping force computed from themode.l J, K

and L define the levels o f data po ints, currents and frequenc ies considered in the squared sum error function U.

Tables 1 and 2 summarize the parame ters of the symmetric and asymm etricmode ls identified from them eas-

ured data.

Table 1 Identified symm etric m odel param eters of the candidate

MR-dam per

Param eter A symm etry Param eter Asymm etry

a0 9921985 k0 1251987

a1, (m / s) - 1 51197 k1 11120

a2, A
- 1 71258 k2 91244

a3, A
- 1

61635 k3 91186

a4, (m / s) - 1 71504 k4 - 01119

I0, A 01079 F0, N 681506

I1, A 01267

Table 2 Identified asymm etricm odel param eters of the

candidate MR-damper

Param eter A symm etry Param eter Asymm etry

a0 9951499 k1c 161877

a1, (m / s) - 1 11417 k1e 41673

a 2, A
- 1 51225 k2 10161

a
3
, A - 1

21441 k3 101666
a4, (m / s) - 1

21383 k4 - 01125
I0, A 01268 k5 01269
I1, A 11131 k6 01453
k0 177151 F0, N 79192

3 M ode lVa lidations

The proposed generalized hysteret ic f - v model is further validated for bo th symmetric and asymmetric

damping propert ies of the MR-damper by comparing the model resu lts w ith the m easured data, under a w ide

range of exc ita tion cond itions andmagn itudes of drive curren.t

F ig. 5 show s comparisons o f the symmetricmodel results in terms of f - v characterist ics w ith the measured

data under d ifferent test cond itions. F ig. 5( a) illustrates the comparisons under d ifferent drive currents ( id = 0 to

014A ) at 115H z harmonic excitation w ith amplitude of 1215mm. F ig. 5( b) and ( c) show comparisons o f re-

su lts under d ifferent exc itat ion amp litudes in the 215 to 50mm range, and frequenc ies in the 015 to 5H z range,

w hile the applied current is held fixed ( id = 012 A ). The above results genera lly show reasonably good agree-

ments betw een the symmetricmodel resu lts and the test data over the ent ire range of test cond itions considered,

w ith the exception o f those attained at h igh frequenc ies.

The proposed asymmetric hysteret ic f - v mode l is further va lidated under selected ranges of ex citations and

dr ive currents. F ig. 6 illustrates the comparisons of themodel results w ith themeasured data under d ifferent drive

)5)
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currents ( id = 0 to 014 A ) and low frequency excitations ( f = 015 and 115Hz; am = 1215 and 25mm). The

comparisons o f model results w ith the measured data generally show reasonab ly good agreem ents betw een the

mode l results and the test data over the range o f test cond it ions considered, irrespective of the applied current

and excitation condit ions w ith in the low er frequency range.

4 Conclusion

Extensive laboratory measurements show that the proposed asymm etric damping force generation ( ADFG )

algorithm is ava ilable for generat ing asymm etric damp ing force in compression and ex tension from the symmetric

MR-damper, and the proposed generalized mode l can accurately characterize bo th symmetric and asymmetric

hysteret ic f - v characteristics o f the MR dampers, irrespective o f the excitation conditions and drive currents.

The resu lts e ffect ively illustrate that the proposed ADFG algo rithm and genera lized mode l cou ld be employed to

synthesize advanced sem i- active contro ller for implementation in vehic le suspension w ith theMR dampers.
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