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The synthesis of a magneto-rheological vehicle suspersistem built on the variable
structure control approach is considered in the presentkwdhe suspension is synthesized
in order to improve the ride comfort obtained by a standardgiee suspension. Although a
nominal half-vehicle model with rigid body is consideredhia synthesis of the suspension,
phenomenological models for the MR dampers and for the drdagr subsystem, along
with the flexibility of the vehicle body, are considered ia performance assessment. For
comparison purposes, active and magneto-rheological engpns built on the optimal
control approach and an active suspension built on the \@eiatructure control approach
are also considered. The numerical results show that thpgeed suspension outperforms
the passive suspension and presents a performance confpaocatihat of the active ones
when the vehicle body may be assumed as rigid. Besides, tghkxibility is an important
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issue, a great performance drop may be observed, dependinipeoroad quality, the

damper characteristics and the adopted control strategy.
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Introduction

(Carlson and Spencer Jr., 1996).
The development of electro-rheological (ER) and magneto-

A vehicle suspension system must fulfill several purposesheological (MR) dampers increased the applicability af gemi-

namely: support the vehicle weight; provide stability (tiamg) and
directional control (road holding) during maneuvers arakbrg; and
provide effective isolation of the vehicle body from roamthiced dis-
turbances (ride comfort) (Hrovat, 1997). Besides, the sasipn sys-
tem must also satisfy a design constraint related to theadargpace
available for its deflection. These different tasks, aloriip the spa-
tial constraint, yield conflicting design trade-offs thategrise to great
technological challenges.

active suspensions. In these devices, the rheologicalepiop
(elasticity, plasticity and viscosity) of their fluids cae beversibly
changed in the presence of electric and magnetic fieldsectgply.
Therefore, the semi-active dampers are only capable tipdissen-
ergy from the system in a passive manner, but with a rate tlagt m
be actively controlled through the control of the electniarmagnetic
fields. Hence, the energy required to generate these apgtefields

is just the one required by the ER or MR dampers. This energy is

In conventional suspension systems, composed of springs agonsiderably lower than that required by active devices fasin-

dampers or shock absorbers, the characteristics of thessiop el-
ements cannot be changed and, hence, conflicting tradé&etffseen
different performance indices, such as ride comfort and rfmding,
are extremely difficult to be achieved (Sharp and Hassarg)19& a
consequence, these passive suspensions are only efiadilienited
range of the vehicle operation.

stance, hydraulic actuators. However, due to the highlyimear dy-
namic behavior of these semi-active systems, one of the ofeih
lenges to their practical application is the developmenrapgdropri-
ate control algorithms (Jansen and Dyke, 2000; Stutz andhiRloa,
2005). Several models have been proposed in order to maslelyth
namic behavior of the MR dampers. These include polynomad-m

Much more flexible and, consequently, more effective systemels (Choi, Lee and Park, 2001; Du, Sze and Lam, 2005), a neural

can be obtained through the use of active suspensions (H®&v;
Shirahatt et al., 2008), in which externally powered foraes pro-

network model (Chang and Zhou, 2002), phenomenologicaletsod
built on the Bouc-Wen hysteretic model (Spencer Jr. et &96),

vided according to measured responses of the system andni® scamong others.

control strategy. Although active suspensions preserst gngprove-
ments on the performances obtained by conventional paesies,
they often require excessive power supply and sophistiedéstronic
devices. Besides, due to its complexity, an active suspemsay not
present the reliability of conventional passive systems.

In order to circumvent those technical difficulties, a loteadff
fort has been recently devoted to semi-active suspensfokeyama,

The variable structure control approach is known to be rodng
even insensitive to some classes of system disturbances(island
Spurgeon, 1998). Therefore, due to dynamic complexitiasarpe-
ter uncertainties and varying operational conditions,agsvpresent
in vehicle suspension problems, different active and sastire sus-
pensions built on the variable structure control approamyelbeen
proposed in the literature. In Yokoyama, Hedrick and Toy#2@01)

Hedrick and Toyama, 2001; Stutz and Rochinha, 2005; Nguyen athe variable structure control was considered to synteesivR sus-

Choi, 2009). Basically, semi-active suspensions diffenfithe pas-
sive ones by the fact that their stiffness and/or dampinggmtges can
be actively changed according to some control strategy. SEnei-
active systems represent some of the most promising defaicpsac-
tical applications in vibration isolation problems. Thesdue to their
inherent stability and versatility, besides the relatiimgicity and
much lower power demand as compared with their active copautes
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pension system for a quarter-car model. In that paper, theadaw
was derived so that the dynamics of the system followed aattene
provided by a reference model. The research showed thatrthe p
posed suspension achieved satisfactory performance onheilow
frequency range. In Stutz and Rochinha (2007) the samegyratas
extended to a half vehicle model. Besides, a phenomenalagicdel

of the seat-driver subsystem and the modified Bouc-Wen najdieé
MR damper were also considered in the numerical assessitm o
proposed suspension. The numerical results showed thaitdhesed
suspension outperformed the standard passive one. Inliraagd
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Dayue (2004), a variable structure suspension system dmlijt on
the measured output was presented. A mathematical modeEBf a
damper was experimentally derived and it was consideredrimeni-
cal simulations that showed the effectiveness of the sissperven
in the presence of parameter uncertainties. In (Yoshimiah,&001;
Sung et al., 2008), the effectiveness of vehicle suspessigstems
built on the variable structure control were experimegtalémon-
strated.

In the present work, a MR suspension system is synthesizdtl, b
on the variable structure control approach with model tiragkwhich

is a well known robust control approach (Edwards and Spurgeo

1998). The main objective of the work is to synthesize a \deia
structure suspension system based on a simple nominal dtzitfle
model, since the variable structure control approach ipasgd to
deal with some unmodeled dynamics and parameters unde$ain
which are commonly present in a vehicle suspension desigromn:
inal half vehicle model with a rigid body is, therefore, as&d in the
synthesis of the suspension. However, due to the semieacéture
of the MR dampers, with a highly hysteretic behavior, and tughe
control structure interaction, the performance potestithe system
were numerically assessed considering a more practicatiin, that
is, taking into account the MR damper behavior, the flexipiif the
vehicle body, and the seat-driver subsystem. Most papetseitit-
erature do consider a vehicle with a rigid body in the syrithefa
vehicle suspension; however, some important issues thatoreid-
erably affect the performance of the suspensions, as fangbeathe
flexibility of the vehicle body, are not always considered.

Here, the MR suspension is synthesized considering a half-

vehicle model with rigid body (Stutz, 2005). A reference rlpd
based on a nominal vehicle model, and the optimal contralcgui
are considered for specifying the desired dynamics for #tdcle
body. Then, a variable structure control force is derivedriaer to
compel the tracking error dynamics, between the state ofehele
body and that of the reference model, to attain a sliding mbdwlly,
due to the fact that the MR dampers only dissipate energy fr@m
system, to induce the dampers to approximately reprodceesired
variable structure control force, the input voltages tairtle@rrent
drivers are derived according to the clipped-control athar (Jansen
and Dyke, 2000).

Steady-state and transient performances of the proposgesu
sion are assessed through numerical analyses, where pepolag-
ical models for the MR dampers and for the seat-driver subsys
along with a half-vehicle model with flexible body, are taleto ac-
count. For comparison purposes, active and MR suspensioh®ib
the optimal control approach and an active suspension baithe
variable structure control approach were also consideratié nu-
merical analysis.

Nominal Model: Half-Vehicle Model with Rigid Body

In the present work, a half-vehicle model with rigid body e
sidered for the synthesis of a magneto-rheological (MR)clelsus-
pension system. In this model, depicted in Fig. 1, the vetboldy has
massm; and moment of inertid with respect to its center of gravity
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The geometrical parameteas, a, andb, define the position of
the pointsP; andP;, which are connection points between the front
and rear suspensions and the vehicle body, respectively.

by

Figure 1. Half-vehicle model with rigid body.

The dynamic behavior of the half-vehicle model is given by:

My A + d1f (Qrf — G2f ) + dar (Gor — Gor)

+ Kt (0t — Gt ) +Kar (Qar — Ozr) = Ut + Ur;
36+ agdif (Gar — Gor) — adar (Gar — Gor)

+agkyf (ot — 02 ) — aKar (dar — Gor) = @qUs — aUr;
Mt Gof + dof G2 + d1f (G2t — Gat)

+kaot Ot +Kif (G2t —Oaf) = —Us +dor2f + Kot Zf;
Moy Gor + dor Gor + dar (G2r — Gar ) + Kor Oy

+Kar (O2r — Gar) = —Ur +dor Zr +Kor zr.

(1)
where(-) represents the differentiation with respect to timg s the
vertical displacement of the center of gravity &is the angular dis-
placement of the vehicle bodg; ; andq;, are the vertical displace-
ments of the connection poinB& andP;, respectively;gos and gy
are the displacements of the front and rear wheels;zarmhdz are
front and rear disturbances due to the movement of the \eebiar
an unevenness road.

Assuming that the vehicle body undergoes small rotatiosiab
its center of gravity G, one has the following approximasion

Gif = de +a10;
(2)
tar = O — a20.
Defining the generalized displacement vector
q=[dc 0 G O, 3

whereT means transpose, the dynamic equations in (1) may be writ-
ten in matrix form as

M§+Dg+Kq = B'u+Bf,f, 4

G. The massesy; andny, are the effective ones of the front and rear

suspensions, respectively. The suspensions are compbspdngs
kit andky,; conventional dampeid; ; anddy, ; and, in the case of ac-
tive or semi-active suspensions, control elements whicfopa the

whereM, D andK are, respectively, the mass, damping and stiffness
matrices of the systenB’ and B, are input matrices related to the
control actionu and the road-induced disturbanice which are de-

control forcesus anduy. The stiffness and damping of the tyres arefined as

modeled by linear springskys andky,, and dampersgys and dar,
respectively.
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Therefore, considering Egs. (3) and (4) and defining the st-

tor
| m,
x:{‘.‘y 6) k]m N
q m
or T_ _ of

the dynamics of the system may be described by the state-spaa- Figure 2. Reference model for the vehicle body.
tion

X = Ax+Bu+ Bf5. @)

this model are counterparts of those in the nominal vehiabeleh
depicted in Fig. 1. One should note, from Fig. 2, that thereafee
model dynamics does depend on the actual dynamics of thelsyhee
that is, it depends oy, Qor, ot anddyy.

The dynamics of the reference model vehicle body is given by

It is worth emphasizing that, in the present work, the stetor
X, defined in Eq. (6), is assumed to be known. Hence, the state co
ponents are supposed to be directly measured or deriveddtioen
measured signals.
Magneto-Rheological Variable Structure Control (MR- Xom = ApmXom-+Bom (Um +fam) (12)

VSC) Suspension System whereun, is the control force vector; the state vectgy, and the

. . input signalfyy, are the reference model counterparts of those signals
The MR-VSC suspension was synthesized as follows. A refer-p gnalam P 9

ence model was considered for specifying the desired dyrsafar n Egs. (8) and (10) for the vehicle body, viz.

the vehicle body. Then, a variable structure control fores derived Xom = [ Om 0 }T (13)
in order to force the tracking error dynamics, between theestec- pm= HGm - Hm - HGm - Fm)
tor of the vehicle body and the corresponding one of the eefss and
model, to attain a sliding mode (Yokoyama, Hedrick and Togam
2001). This force was taken as the desired one for the MR danpe A fmbizf + K1 fmO2f
Finally, the clipped-control approach (Jansen and Dyk&0R0vas fom = AirmCor + KurmGr | (14)
considered for determining an input voltage to the curreiveds of
the dampers such that the generated forces approximafeiyduece It is worth noting that, in the particular case when the refiee
the desired ones. model parameters are adopted as the corresponding ones rofriir
Considering the first two equations in (1) and defining théestainal vehicle model, one has
vector
R fom=fa. (15)
Xp=1[0c 0 Gc 0], (8)

Therefore, in order to the reference model dynamics, giwen b
Eq. (12), be the desired one for the vehicle body, the cofdrokum
should be properly determined.

In the present work, the aim of the proposed suspension 840 i
prove the ride comfort obtained by standard passive suspesgs-

whereu is the control action defined in (S); is a known input signal  tems and, for the purpose of establishing its performantengials,

defined from nominal parameters of the suspensions and teelwhthe root mean square value of the vertical and pitch acd®esare
dynamics, which is considered as known, viz. considered throughout the paper as an adequate measute qtigl-

ity. The smaller the rms value of the accelerations, thetgrehe
£ dis Qo + kit Ot } . (10) subjective ride comfort experienced (Smith, McGehee andléye

27| duler k| 1978).
Here, the optimal control approach was considered for deter
the unknown 8|gnal¢ accounts for disturbances resulting from Un'ing the dynamics of the reference model. The following penfance
modeled dynamics, as, for instance, the ones resulting iherfiexi-  index, that trades off ride comfort and suspension deflestiahile

bility of the vehicle body; and, finally, the unknown sigfiglaccounts  maintaining constraints on the control effort, was adopted
for parameter uncertainties and it is given by

the actual dynamic behavior of the vehicle body may be writitea
general state-space form as

Xp = ApXp + Bp (U-l—fz—&—f(p-l-fp)7 9)

1T 2 .
) . Jn=1m = r1 (Gigm)? + r2(6m)?
. . apl +AJ0 m ! / { 1 (6gm 5
—Adyf(Gut — Gt ) — Dkef (Gur — O2f) — <%) MM ) n

fo= alAmlq'GfAJé> ) +r3 [(QIfm_QZf)2+(Q1rm—QZr)2}

(16)
—Adar (Gar — G2r ) — OKar (Gar — G2r) — < a+ay

) 4y + W) f

whereA(-) represents the uncertainty on the nominal paranfeter ~ Wherera, r, rz andry are weighting coefficients. The coefficiemts
andr, weight the ride comfort, which are related to the mean square
Synthesis of the reference model value of the vertical and pitch accelerations, respegtivihe smaller
the rms value of the accelerations, the greater the sulxgettie com-
In order to specify the desired dynamics for the vehicle btdy fort (Smith, McGehee and Healey, 1978; Hrovat, 1997). Theffco
reference model depicted in Fig. 2 was adopted. All paramméte cientrz weights the mean square value of the suspension deflections,

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright © 2011 by ABCM  October-December 2011, Vol. XXXIlII, No. 4 / 447



which takes into account the limited stroke capability af Buspen-
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In the particular case where the reference model paramaters

sions, and the coefficienj weights the mean square value of the conadopted as the nominal parameters of the vehicle, the digisadiven

trol efforts. It is worth noting that the performance indexdq. (16)
and, consequently, the dynamics of the reference modeltoexptic-
itly depend on the road disturbancgsandz .

The desired dynamics for the vehicle body is, therefore nadfi
as follows: considering the reference model described hy(E?),

the control actiorup, is determined such that the performance index

given by Eq. (16), which reflects the desired dynamics, ismmized.

The performance index (16) may be expressed as a quadratic fowheres is an error-dependent switching function defined as

of the state vectox,y, and the control actiooy, as

T
{xngmxbm—i— 2% Nmum -+ U%Rmum} dt.

1
Jm=lim =
m TIHOOTO

7

as
fx = —BpUm. (25)
One may define a sliding surfacg in the error space as
& ={eeR*|s=0}, (26)
s=Se (27)

whereS € R4 is a design matrix of full rank which specifies the
sliding surface?”. The matrixS may be partitioned as

S=[S1 S, (28)

As it can be shown (Anderson and Moore, 1990), the contrakfor

that minimizes the performance index (17), under the dyonarn-
straint given by Eq. (12), is given by

Um = —GmXpm, (18)
with the optimal gain matrixGn, given by
_p-1(NT LRT
Gm=Rp, <Nm+ Bmem) : 19)

where Py, is the symmetric positive definite matrix solution of the

algebraic Riccati equation

F’m/A_\m + A_;I—npm - PmemRﬁqlBngm + (Sm =0, (20)
whereA_\m and(§m are defined as:

N - —1\T) -

Am= <Abm Bmem Nm>, (21)

Qm = Qm— NmR !N,
Synthesis of the variable structure control force

Defining the tracking error vector as the difference betwien
response of the vehicle body and that of the reference modgj,,
viz.

€= Xp — Xbm; (22)

and considering Egs. (9) and (12), the error dynamics isrgexeby

€= Apme+Bpu+fi+m, (23)
where the signalf andfy, are defined as:
f = [Ap — Apm| Xo + Bpf2 — Bpom(Um+fom) ; 24)

It is worth noting thaffy is a known signal, since it is composed o
system nominal matrices, reference model matrices and ktiosvn

signals. The signdly,, on the other hand, represents an unknown

matched disturbance, since it is described as the produbeahput
matrix By and other signals (Edwards and Spurgeon, 1998). Acco

whereS; € R?*2 andS, € R2%2. For the existence and uniqueness
of the sliding mode, a necessary condition is that ma$gibe non-
singular (Edwards and Spurgeon, 1998).

The error dynamics, when constrained to the sliding surface
is described as a sliding mode and, according to Eqgs. (26)2#)d
one has

Se=0. (29)

Differentiating Eq. (27) and considering Eqgs. (23) and (#8)ds

S(Apme+Bpu+f+fm) =0. (30)

Assuming the matribX8By, is chosen to be nonsingular, an unique
control input, named equivalent control, may be obtainednfthe
algebraic equation in (30), viz.

Ueq= — (SBy)  S[Apme+ fk + fm] . (31)

The equivalent control represents a sufficient control impmaintain
the dynamics of the system in sliding mode (Edwards and Spoumg
1998).

Substituting the equivalent control, given by Eq. (31), in 23)
and considering the fact that the signglsandfn, are matched, one
has the error dynamics during the sliding mode

. -1

o= [| — By (SBy) s] Abir, (32)

wherel is the identity matrix.

Therefore, according to Eq. (32), the error dynamics is fiete
dent of the control inpuu and it is invariant with respect to the
matched disturbande, which is related to unmodeled dynamics and
parameters uncertainties. Hence, a reference model andirgsl
surface matrix may be properly synthesized in such a wayttieat
error dynamics asymptotically goes to zero, despite thegnmee of
matched unmodeled dynamics and parameter uncertainties.

It can be seen (Edwards and Spurgeon, 1998) that the foljpwin

fcontrol law gives sufficient conditions for inducing and mitaining
the error dynamics in sliding mode

U= uj +Un, (33)

r9\7hereu| anduy, are, respectively, the linear and nonlinear parts of the

ing to Eq. (24), the disturbandg, is associated with unmodeled dy- control law, which are given as follows.

namics, througlfi,, and parameter uncertainties, throdghwhich is
defined in Eq. (11).

448 [ Vol. XXXIIl, No. 4, October-December 2011
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where® e R2*2 js an arhitrary matrix whose eigenvalues have negdt would certainly be more beneficial to have a continuousags

tive real parts;

Pos

—_— for
[P2s] +6

-1
Un = —p(SBy) S#0, (35)
whereé is an arbitrary positive scalar defined in order to minimhee t
chattering phenomenon (Edwards and Spurgeon, 1998) einhier a
variable structure control actioR, is a symmetric positive definite
matrix satisfying the Lyapunov equation

P+ ®TPy = |, (36)
with | being the identity matrix, and a modulation function, which
must satisfy the inequality

p = 1Sl Iffm] + 7. (37)
where|| - || is the norm of(-), n is an arbitrary positive constarg; is
given in Eq. (28) andy, is the projection of, into the range space of
Bp.

A modulation function satisfying the inequality (37) ernssira
global asymptotic stability for the error dynamics (Edwsaathd Spur-
geon, 1998; Stutz and Rochinha, 2005); however, the signa
unknown. A constant modulation function may also be chosén,
though, in this case, only a local stability can be proven.

It must be emphasized here that the focus of the presentrchsea

is to assess the performance potentials of the proposed B&4ds-
pension system for different types of road conditions anthénpres-
ence of unmodeled dynamics. Therefore, as usual in this thase
assumption of the entire state vector is plausible (Hral@97; Shi-
rahatt et al., 2008). In practice, the suspension strokesyélocities
of the wheels and velocities of the connection poltsand R are
easily accessible, so that the applicability of the MR-V3Gpen-
sion, as presented here, relies on the estimation of thecestaite
vector of the system through a suitable state observer @étré@97;
Sung et al., 2008), yielding, of course, some drop in the esusipn
performance.

The clipped-control algorithm

Due to their semi-active nature, the MR dampers are not able t

perform an active control force, as the variable structargrol one
given by Egs. (33)-(35). Besides, only the input voltageth&ocur-
rent drivers of the MR dampers can be directly controlleder&fore,
to induce the MR dampers to approximately generate theatbsom-
trol action, the clipped-control approach (Jansen and P36@0) was
considered. In this approach, the input voltage vector,pasad of

the input voltaged/; andV; to the front and rear dampers, respec-

tively, is given by

V = VmaH [(U—UMR)TUMR]7 (38)
whereVmaxis the maximum applied voltageyr is the force actually
provided by the MR dampersiis the desired control force and Hlis
the unit step function. Therefore, according to Eq. (383, ¢lpped-
control strategy only applies the extreme voltages, Unqs, to the
current driver of the dampers.

Therefore, to implement the MR-VSC suspension, the clipped

control algorithm was adopted, with the desired controtéogiven
by Egs. (33)-(35). The clipped-control approach was adbgte to
its simplicity and to the fact that it has succeeded in pcattpplica-

tions of MR dampers in control problems (Jansen and DykeQR00

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright

applied to the damper. However, as will be seen, the dynaofics
the MR dampers is highly nonlinear and, as a consequenceniti
a simple task to derive a model that accounts for its dynaauichs
directly relates the desired control force with the reciiveltage to
the dampers. Figure 3 illustrates the clipped-control @tiga when
applied to one of the MR dampers.

u

MR A
V=0
V=0
V= Vmax
> u
V= Vmax
V=0
V=0

Figure 3. Clipped-control algorithm.

Magneto-Rheological Linear Quadratic Gaussian (MR-
LQG) Suspension System

In the present work, a MR vehicle suspension system based on
the linear quadratic gaussian (LQG) optimal control apginaa also
considered for comparison purposes.

When considering ride comfort, the road-induced distuckan
are the most important ones in the performance assessmesttiofe
suspension systems (Hrovat, 1997). Therefore, in ordgrithesize
the MR-LQG suspension, a model must be first considered far-de
ing the actual road-induced disturbances from white noisegsses,
as required by the LQG control theory.

Disturbances induced by an unevenness road

In this subsection, a mathematical model of the disturbance
duced by the movement of the vehicle with a constant velawitan
unevenness road is considered.

The road disturbance vectnis defined as

z=| 4
z
and its components are modeled as stationary gaussiarspesogith
spectral density

(39)

N

Siw)= =

7T

av
(av)2+aw?’ (40)
whereo? denotes the variance of the road irregularitiess the ve-
hicle velocity anca is a coefficient dependent on the type of the road
surface (Hac, 1985).

Considering the spectral density in (40), the road distutbavec-
tor z may be obtained from white noise processes according to the
differential equation

z=Az+I1&, (41)
wherel is the identity matrix,
—av 0
As— [ a0 } 42)

© 2011 by ABCM  October-December 2011, Vol. XXXIII, No. 4 / 449
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and whereu is the control action and is a vector composed by white
noise processes, as defined in Eq. (43). Therefore, therpearfce
£ = { &f } , (43) index (46) may be expressed as a quadratic form of the augohent
&r state vectoky and the control action as
wherg the S|gnaI§f andé; are zero mean white noise processes with J= lim _/ [xaTQxa+2x;Nu+uT Rul dt. (49)
covariance functions T—oT Jo

Following a procedure similar to that for the reference nhoeé-

_ 5.2 .
E &1 (D& (t+7)] = 20%ave(7); (44) inition, an optimal control action, which minimizes the feemance

E [& ()& (t+7)] = 202avs(T), index (49) under the dynamic constraint given by Eq. (48)y ibe
obtained as
whereE[] is the expected value df), T is an arbitrary time delay
and s is the Dirac’s delta function. However, since in a half-wifi U= —GaXa, (50)
mpdel, the road disturbance under the rear wheel is the dieteered whereG, is the optimal control gain.
disturbance under the front wheel, one has Once again, to induce the MR dampers to approximately genera
aq +a the desired optimal control force, given by Eq. (50), thaiinmltages
&(t) =& (t — T) , (45) to their current drivers are given by Eq. (38).

where (a1 + a2) is the distance between the centers of the rear ar{gumerlcal Analysis
front wheels (see Fig. 1).

Therefore, according to Eq. (41), the road disturbanceovecin-
duced by the movement of the vehicle on an unevenness ragiders
by the output of a linear system to the ingutwhose components are
white noise processes.

In order to assess the performance of the MR suspensions with
respect to ride comfort, numerical analysis consideringl&ehicle
model were carried out. Although this model largely simptfihe
actual structure, it includes the most fundamental charatics of
the system behavior.

Table 1 gives the nominal parameters of the vehicle moddi wit
rigid body and a standard passive suspension. These parametre
extracted from Ha¢, Youn and Chen (1996a) and they cornespm
the ones of a mid-size vehicle.

Synthesis of the linear quadratic gaussian control force

The following performance index, which trades off ride comf
and tyre deflections, while maintaining constraints on sasfn de-
flections and control efforts, was adopted for the synthefdise MR-

LQG suspension system. Table 1. Nominal parameters of the half-vehicle model.

T o . my 705 kg J 945 kgnt
3= tim 2 [ {or(6)” +p2(d) M 50kg e 50 kg
dif 1560 Ns/m dir 1309 Ns/m
+p3 [(qlf —G2r)? + (Clar — Gr )2] (46) Kur 24 KN/m Kar 16.8 KN/m
d 0 Ns/m d 0 Ns/m
+pa | (Gar — 21)% + (cr —2)%] + ps(uf + ) e, e 250 KN/m o 250 KN/m
o o a1 1.30m a 1.22m
whereps, p2, p3, p4 andps are weighting coefficients. 046m by 106m

It must be emphasized that the MR-LQG suspension is only con=
sidered for comparison purposes; therefore, the not sdigabas-
sumption of the knowledge of the road disturbancgsand z, is
adopted here. The aim is to obtain a suspension system wiitr be
performance indices to be compared with the proposed setinea
MR-VSC suspension. A drop in the performance of these susp
sions would be observed if a cost function similar to that qn E.6)
was adopted, that is, if the road disturbances were not knowthis
case, a sub-optimal performance would be obtained. Althdbg
knowledge of the road disturbances is not straightforwtrelre are
works in the literature where the prediction of these disinces is

Phenomenological models for the MR dampers and seat-driver
subsystem were also considered for performance assessmest
eworth emphasizing that these models were not considerdtkinyn-
thesis of the suspensions and, therefore, they represenmiesoof un-
modeled dynamics.

Magneto-rheological damper

considered in the design of vehicle suspensions (Roh arkg F209; — — d
Marzbanrad et al., 2002). Bouc - Wen
Defining the augmented state vector c _-_-
1 1 ko _57_ Uyp- U
X |_| NVN—] MR 0
Xa = 47 o
1] “ i
VWV
and considering Eqgs. (7) and (41), the dynamics of the vemy Figure 4. The modified Bouc-Wen model of the MR damper.

be rewritten as
In order to model the nonlinear behavior of the MR damper, the
Xa = AaXa+Bau+Bg:&, (48) modified Bouc-Wen model, depicted in Fig. 4, is adopted s thi
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work. This model is a phenomenological one composed of nmecha at one end of the damper. This nonlinear dynamic behaviberant

cal springs and dampers, along with a hysteresis elemeetmbui-

in the MR dampers, represents one of the main challengesetio th

fied Bouc-Wen model has been shown to accurately predictdhe n practical application. The synthesis of a control alganitthat di-

linear behavior of prototype MR dampers over a wide rangepef-o
ating conditions (Spencer Jr. et al., 1996).

rectly determines the required voltage to be applied to #mepers as
a function of the damper parameters and of the damper dysdsiéc

In the modified Bouc-Wen model, the reaction force of the MRvery difficult task. Hence, in this work, the clipped-cortapproach

damper is given by

UmR = 1Y+ kig+ o, (51)
where the velocity is given by

y=-——[ah+cogq+ -y, 52

y (C0+01)[ Cod+ko(q—y)] (52)

whereh is the hysteretic displacement, whose evolution equasion i
h=—yg—yl h[h" =BGy "+ (G-y),

with the parameters, 3, & andn controlling the shape of the hys-
teresis loop.

Since, in a MR damper, the rheological properties of its final/
be reversibly changed by exposing it to a controlled magrfeid,

(53)

given in Eq. (38) is adopted due to its simplicity.
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Figure 5. Force-velocity curves of the MR damper for differe
applied voltage.
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nt levels of

some parameters of the model are assumed to be dependerg on th

voltageV applied to the current driver as follows:

ci(¥) =cCra+cw”;
co(¥) = Coa+Con¥';
a(V) =aa+ap?;

(54)

where the internal variable¢ is the output of the first order filter
that accounts for the dynamics involved in reaching the Idggcal
equilibrium (Spencer Jr. et al., 1996), viz.

TV + Y =V, (55)
with 7+ being the time constant of the filter aucthe voltage applied
to the current driver.

The MR suspensions considered in the present work were ob-
tained just taking the standard passive dampers off andngakie
MR dampers as the control elements (see Fig. 1). The inptt vol
ages to the current driver of the dampers were selecteddingaio
the clipped-control algorithm with the maximum voltaggax= 2 V,
which is the value that yields a saturation of the magnetid.fie

Seat-driver subsystem

A phenomenological model of the seat-driver subsysterictih
in Fig. 6, will be considered for performance assessmeng. SBat is
modeled by the sprin§y; and the dampedy;. The driver, on the
other hand, is modeled by a two degrees of freedom system com-

The parameters of the modified Bouc-Wen model for the MPyosed of massesg;, My, andmys; springskg, andkys; and dampers

dampers were adopted according to the ones experimenttiéy-d
mined in Lai and Liao (2002) and are given in Table 2. With time a
at obtaining force intensities adequate to the presentlehiuspen-
sion problem, the forces obtained by the MR damper model thigh
parameters given in Table 2 were scaled by a factor of 0.2.wWoith
noting that this procedure does preserve the hysteretavimiof the
MR dampers.

Table 2. Parameters of the MR damper model.

Cla 14649 Ns/m Coa 784 Ns/m
C1b 34622 Ns/(Vm) Cob 1803 Ns/(Vm)
kg 840 N/m ko 3610 N/m
oa 12441 N/m B 2059020 m?
b 38430 N/(Vm) Y 136320 2
o 58 N/m n 2

Uo 20.6 N T 1/190 s

In order to illustrate the nonlinear behavior of the adoptextiel
for the MR dampers, Fig. 5 presents the force-velocity cairob-
tained for different levels of applied voltage and for a sioidal dis-
placement, with amplitude of 10 mm and frequency of 2 Hz, iggab

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright

dgo anddys. With appropriated parameters, the present driver model
presents an apparent mass similar to that of a seated hurdgreko
posed to vertical vibrations (Wei and Griffin, 1998a). Thénp&
represents the driver position and the point B, located #tarnteas
from the center of gravity of the vehicle body (see Fig. 1jhiscon-
nection point between the vehicle body and the seat-drivesystem.

ks 2 dgs
i el I B
)
>
=
[a)
kp T dg
q
Mg “@
. c My; —T a1
=
3 kg dg
- B

Figure 6. Phenomenological model of the seat-driver subsys tem.
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Table 3. Parameters of the seat-driver subsystem model.

My1 6.7 kg kg1 50210 N/m daz1 276 Ns/m
My 33.4kg Kaz 35776 N/m g2 761 Ns/m
my3 10.7 kg kg3 38374 N/m dys 458 Ns/m

Considering the model depicted in Fig. 6, the dynamic beiravi
of the seat-driver subsystem is given by:

Ma16d1 + da1Ga1 + da2(Ga1 — Gaz)
+ dg3(dd1 — Gd3) + kd10d1 + Ka2 (a1 — Gd2)

+Kd3(dg1 — da3) = dg10s + Kd10: (56)
My2Gd2 + da2(dd2 — Gd1) + Kg2(Gaz — da1) = 0;
My30d3 + dd3(dd3 — Gd1) + Kaz(daz — dd1) = O.

The parameters of the seat-driver subsystem model are given
Table 3. The parameters associated with the driver modelolvas
tained from (Wei and Griffin, 1998a) and those associatet e
seat model, on the other hand, were obtained from (Wei aniirGri
1998b).

Synthesis of the suspensions

relative acceleration at point B while maintained the tyeflettions
in acceptable values. In order to enable a fair comparisenyeight-
ing coefficients associated with the MR-LQG suspension weter-
mined in the same way, with the aim at obtaining the same iv@sro
ment on ride comfort, relative to the passive suspensigrthtbsame
road condition.

The sliding surface” was defined adopting; andS, as identity
matrices. The stable matrie of the control law in Eq. (34) was
adopted as minus the identity matrix, which resulted, froq (86),
in P, = 0.51. The modulation function was adopted @s- 3 and,
for reducing the chattering phenomenéns 10-3. Finally, the input
voltages to the MR dampers were determined according to38), (
with the desired control law given by Egs. (33)-(35).

The MR-LQG suspension was obtained considering the weight-
ing coefficientsp; = 1, pp = 2, p3 = 2-10%, ps = 2.5-10* and
ps = 1076, The input voltages were selected according to Eq. (38)
with the desired control force given by Eq. (50). It must be-em
phasized here that the implementation of the MR-LQG suspens

The MR-VSC suspension was obtained as follows. First, the PAccording to Egs. (50) and (47), requires the knowledge efdad

rameters of the reference model were adopted as the onesd

inal vehicle model. Then, in order to determine suitableghéhg
coefficients for the functional in Eq. (16), it was arbitharchosen
ri=1,rp, =2 andrs = 10 % and steady-state performance indice
for the reference model were determined as a function of #ight-
ing r3. Figure 7 depicts the acceleration of point B and the frout an
rear tyre deflections, relative to the corresponding irglicktained
for the passive suspension, as a function of the weightimgficent

r3 and considering the disturbance induced by the movemertiteof t
vehicle at 20 m/s on a paved road (see Fig. 8).

Relative acceleration of Point B

Relative tyre deflecton

0.7,
1

15 25 35 45

Figure 7. Relative performance of the reference model as a fu  nction of the

weighting rs.

Based on the indices depicted in Fig. 7, the vake- 2.35- 10*
was chosen, since this weighting yielded a rms value of Qo7 5hie
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induced disturbanceg andz.
For comparison purposes, active suspensions capablegfatily
providing the control forces given by Egs. (33) and (50) welso

Sonsidered. These suspensions were named VSC and LQGg+espe

tively. It is worth noting that these are ideal suspensiaisce the
dynamics of their actuators were not taken into account. cbimerol
parameters for these suspensions were kept the same asifdviid
counterparts.

Half-vehicle model with rigid body

The steady-state and transient performance of the sugpsnsi
relative to the passive one, for the rigid body vehicle issidered in
this subsection.

Results for unevenness roads

The steady-state performance of the suspensions is adsesse
sidering the disturbances induced by the movement of theclegh
with constant velocity, on paved and asphalt roads. Figude-8
picts the road induced disturbances at the front wheel fogtdacle
speedv = 20 m/s and the following road parameters: paved road:
a=0.45m!ando? = 3-10 % m?; asphalt roada = 0.15 m* and
02 =9.10"% m? (Hat, 1985).

In the results that follow, the steady-state performandé@fus-
pensions was assessed in terms of root mean square (rmsjumax
(max) and average deviatiomf,s) values. The average deviation
drms Of a signal is defined as the rms value of its time derivativa an
therefore, it is supposed to provide more information alibatfre-
quency content of a signal than its rms value. The displaoeaned
acceleration of point C (driver position, see Fig. 6); aecation of
point B (position of the seat-driver subsystem, Fig. 1) aefliedtions
of the front suspension and tyre were considered in the sisalyhe
performance indices were computed for a simulation time 10 s.
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Figure 8. Steady-state disturbances at the front wheel for a

Table 4. Relative performance of the suspensions for the rig

vehicle speed v=20m/s.

id body vehicle and paved road.

Suspension
LQG VSC MR-LQG MR-VSC

rms 0.54 0.29 0.90 0.81

Oc max 0.52 0.30 0.89 0.87
drms 0.47 0.35 0.88 0.79

rms 0.57 0.58 0.76 0.76

e max 0.58 0.59 0.68 0.67
drms 0.72 0.71 0.70 0.70

rms 0.72 0.70 0.74 0.71

Gs max 0.70 0.67 0.66 0.69
drms 0.77 0.70 0.74 0.74

rms 1.06 1.06 1.14 1.14

(O1f — O2f) max 1.08 1.03 1.11 1.14
drms 1.38 1.41 1.42 1.47

rms 1.28 1.31 1.27 1.31

(02t —21) max 1.08 1.12 1.03 1.08
drms 1.03 1.03 1.03 1.03

The transient performance of the suspensions, on the odimel, lvas
assessed considering the time responses of the accelaaggioint B,
which highlights the high frequency vibrations of the vééjicsince
the seat acts as a filter to disturbances from point B to C.

The performance of the suspensions, relative to the passige
for the rigid body vehicle and the disturbance induced byphesd
road, is shown in Table 4. Considering the performance axlas-
sociated with the acceleration of points B and C, from Tablerk
can clearly note that all considered suspensions greaflyoived on
ride comfort, relative to the passive suspension. Witheesp the
acceleration of point B, the MR suspensions presented ipeaitces
comparable to that of the active ones. The suspensionsnajsoved
on the performance indices associated with the displaceofigoint
C, specially the VSC one, whose performance was greatlyrisupe
that of the others suspensions. All considered suspenpi@sented

Results for an impact bump

In order to assess the transient performance of the suspsnsi
the road-induced disturbance under the front wheel is asdwas
v(t —tp)

hbsin(
zi(t) = Wp
0, for

Wp
s for t0§t§t0+7,

Wh
t<to 0rt>to+7,

(57)

wherehy, and wy, are, respectively, the height and width of the road
irregularity, which has a sinusoidal profile with half wasegith, and
to is the initial time of the impact.

The road disturbance vectois, therefore, obtained by consider-

relatively greatdyms values of suspension deflections, indicating 49 that the rear disturbance is the time-delayed front vize,

possibility of the presence of high frequency componentkése sig-

nals. From Table 4, one may also observe that improvementsien

comfort were obtained at the expense of increasing tyreafies.

For the rigid body vehicle traveling on the asphalt road veéth
speedv = 20 m/s, the considered suspensions also presented a gre
improvement on the ride comfort obtained by the standardiyas

suspension (Stutz, 2005). These results were omitted here.

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright

z(t) =z (t—ﬂvaz). (58)

The transient disturbance induced by the movement of thielegh
Wﬂh constant velocity over an impact bump is depicted in Bigin
this case, the disturbance parameters were adoptég as).1 m and
Wp =0.5m.

As the LQG and MR-LQG suspensions require the knowledge
of the road quality, described by parameterin the assessment of
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Figure 9. Transient disturbance at the front wheel for a vehi cle speed v=20m/s.
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Figure 10. Acceleration of point B at the rigid body vehicle f or the impact bump.

their transient performances, the value referent to thegavad was the finite element model were located at the connection pBnand
adopted. P between the suspensions and the vehicle body. The bendfing st
The acceleration of point B for the rigid body vehicle trdive)  nessEl = 1.53-10° Nm? was adopted for the vehicle body, so that
over the impact bump is depicted in Fig. 10. One may obsere thits first bending natural frequency (17.21 Hz) fitted the esponding
all considered suspensions presented an improvement trattsgent  one given by Hac et al. (1996a). It was also assumed a modgi-da
performance relative to that of the passive suspensioh,sighificant ing ratio = 0.04 for all bending modes of the structure. The other
reductions in the amplitude of the oscillations in some tintervals.  parameters of the model are as given in Tables 1 and 2.
The natural frequencies of the half-vehicle models witidrimpdy
Half-vehicle model with flexible body and flexible body, both considering the seat-driver sulesystare
shown in Table 5. Only the first three bending natural fregiemn
Despite not being considered for the synthesis of the suspegre shown.
sions, the flexibility of the vehicle body yields structukalbrations According to Table 5, one may observe that the flexibility o t
that may result in a great performance drop (Hac, Youn anenCh yehicle body yielded small changes in the first two natuesdfiencies
1996a; 1996b). This is due to the subjective discomfort ftbendi-  of the system, associated with the translational and ootatimodes

rect exposure to high frequency vibrations or to noise @eifrom  of the vehicle body. The other natural frequencies presenesig-
them. Hence, due to the control-structure interactionpaiting for  njficant changes.

the flexibility of the vehicle body in the performance asssmst of

the suspensions is a fundamental concern. Results for unevenness roads
In order to take the flexibility of the vehicle body into acobu
the finite element method (Reddy, 1984) was considered. &hiele It is worth emphasizing that structural vibrations due te filex-

body was modeled as an uniform beam and 10 Euler-Bernowaltnbe ibility of the vehicle body may present little increments e rms
elements, with 2 degrees of freedom per node, were usedsfepd- values of acceleration signals, which are standard inditede com-
tial discretization. Six elements were used for the diszagbn of fort. Therefore, as the average deviatihps is supposed to provide
the region between the suspensions and two elements weatdarse more information about the frequency content of the sigritisill
the discretization of each extreme region of the vehicleybd@ent be used here as an important complementary index.

and rear). The discretization was done in such a way thatshofle Table 6 presents the performance indices, associated etad-
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Table 5. Natural frequencies of the vehicle models with rigi d and flexible body.

Natural frequencies (Hz)

Rigid Body

Flexible Body

1.06

1.01

1.31

1.22

3.93

3.92

8.06

8.05

11.63

11.63

11.79

11.79

22.58

17.21

22.6%

47.46

93.06

* Natural frequencies associated with the seat-driver sibsy

Table 6. Relative performance indices for the passive suspe nsion and paved road.

rms max drms
Gc 0.99 1.00 1.09
Gs 1.05 1.05 1.72

Table 7. Relative performance of the suspensions for the flex ible body vehicle and paved road.

Suspension
LQG VSC MR-LQG MR-VSC
rms 0.53 0.29 0.90 0.81
ac max 0.53 0.31 0.95 0.91
drms 0.46 0.34 0.89 0.79
rms 0.58 0.61 0.78 0.78
G max 0.59 0.60 0.68 0.65
drms 0.72 0.73 0.72 0.74
rms 0.71 0.72 0.74 0.73
4 max 0.68 0.67 0.79 0.78
drms 1.02 0.54 0.93 0.96
rms 0.97 0.93 1.12 1.09
(011 — O2f) max 1.06 0.93 1.22 1.24
drms 1.38 1.27 1.42 1.48
rms 1.27 1.20 1.27 1.31
(Gt —2f) max 1.07 1.05 1.03 1.12
drms 1.03 1.02 1.03 1.03

celerations of points B and C due to the paved road, for theiygas has not being considered for the synthesis of the suspensican be

suspension and flexible body vehicle relative to the comedimg
ones for the passive suspension and rigid body vehicle. Fedie 6,

seen that all suspensions greatly improved on ride qualibe per-
formance indices associated with the acceleration of gojrdlong

one may observe that the rms and maximum values of the aaeelewith the rms and maximum values of the acceleration of pojmt&e

tions presented little or none influence of the vehicle boelyilfiility.
On the other hand, due to the high frequency vibrations, ¢helara-
tion of point B at the flexible vehicle presented a considigrgteater
drms Value. Since the seat acts as a filter to disturbances front Boi
to C, the acceleration of point C (driver position) presdmte signif-

icant increase on theéyms value.

Table 7 presents the performance of the suspensionsveetati
the passive one, for the flexible body vehicle and the disturb in-
duced by the paved road. Although the flexibility of the védizody

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright

greatly improved. The suspensions also improved on thepeance
indices associated with the displacement of point C. Thiseasus-
pensions presented greater improvements on these lasesndipe-
cially the VSC one, whose performance, as in the rigid bodseca
was greatly superior to that of the others suspensionswiorth not-
ing that the MR suspensions presented maximum values ofdhée f
suspension deflections significantly greater than that efpdssive
suspension. All suspensions presented relatively gkgatvalues of
deflections.
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ible body vehicle and the asphalt road.

Suspension

LQG VSC MR-LQG MR-VSC

rms 0.61 0.30 0.80 0.75

ac max 0.58 0.30 0.82 0.79
drms 0.49 0.31 0.74 0.65

rms 0.54 0.53 0.74 0.77

Gc max 0.58 0.50 0.69 0.65
drms 0.71 0.73 1.05 1.25

rms 0.69 0.68 0.88 1.00

OB max 0.69 0.61 0.93 1.12
drms 0.98 0.55 1.95 2.25

rms 0.94 1.02 0.94 0.87

(O1f — O2f) max 0.92 1.07 1.00 0.96
drms 1.36 1.25 1.30 1.17

rms 1.25 1.18 1.18 1.08

(Gt —2zf) max 1.11 1.07 1.08 1.09
drms 1.03 1.02 1.02 1.01

The performance of the suspensions, relative to the paesige tion of point B is also depicted. From Fig. 12, one may obséinat
for the flexible body vehicle and the disturbance inducedheyds- the amplitude of the high frequency vibrations in the aaeien of

phalt road is given in Table 8. From the presented resultsarit B is greater within the intervals where the input voltageuasss its

be clearly seen that the active suspensions greatly imgroreide

maximum value (2V) for long and at the end of the depicted time

comfort. The MR suspensions, on the other hand, presentst grterval, where a high frequency content may be observed iapghked
improvements only on the rms and maximum values of the aecelecontrol force.

ation of point C (driver position). With respect to the aecation

From the results presented, one can clearly note a drop in the

of point B, only the MR-LQG presented an improvement on the rmperformance of the suspensions due to the flexibility of thleicie
and maximum values. However, it must be emphasized her¢hthat body. Greater performance drops were presented by the Mieisus
road induced disturbances are assumed to be known in the IbQG &sions, mainly for the asphalt road and the impact bump. Hewev

MR-LQG suspensions, which yields higher performances thaa
practical application. The MR suspensions presented higjhg val-
ues of the acceleration of points B and C, especially the MGG VAIl
considered suspensions improved on the performance sd&soci-

ated with the displacement of point C.

Results for an impact bump

The influence of the vehicle body flexibility on the transipet-

in these suspensions, a high frequency control action nsaytifeom
the clipped-control algorithm, which was used to selecirpet volt-
age to the MR dampers between the extreme values Vagnd= 2

V. Besides, if the road-induced disturbances are not seiffi¢o yield
the MR fluid through the damper valves, the dampers will behav
as rigid elements between the vehicle body and the wheelen,Th
in these cases, all vibration energy will be transmittechewehicle
body by the suspension system. Therefore, MR dampers witérlo
yield strengths may result in greater improvements on raafort,

formance of the suspensions is depicted in Fig. 11. The@@®@®n mainly in the asphalt road and impact bump disturbances.

of point B, due to the impact bump shown in Fig. 9, at the rigid a
flexible vehicles with passive, active and MR suspension®iisid-
ered. From Fig. 11, one can clearly note the influence of thiy bo
flexibility on the amplitude of the oscillations and on theegence
of high frequency components in the acceleration of point Eha
flexible vehicle. The MR suspensions presented greateoipeaihce
drops, due to the flexibility of the vehicle body, than thexacbnes. It
is worth noting that although the VSC suspension was ableitkly
suppress the high frequency vibrations in the acceleratigoint B,
in the MR-VSC suspension, the high frequency vibrationtethsor
longer times and presented higher amplitudes.

Due to their semi-active nature, the MR dampers are not able t
reproduce the desired control force, but only an approxénoae. In
order to illustrate this fact, Fig. 12 depicts the desiredtied force,
resulted from the variable structure control approach, B2f-(35),
and the actual force provided by the MR damper, along withctite
responding input voltage yielded by the clipped-contrgoaithm,
Eq. (38). Only the transient responses associated withréime MR
damper in the MR-VSC suspension were considered. The aaeele
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