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Abstract: The synthesis of a magneto-rheological vehicle suspension system based on the Variable Structure Control
approach is presented in this work. A half-vehicle model with rigid body was considered for the suspension synthesis.
A reference model based on the vehicle nominal model was considered for specifying the desired dynamics for the
vehicle body and a control force was derived in order to force the tracking error dynamics, between the state of the
vehicle body and that of the reference model, to attain a sliding mode. To induce the MR dampers to approximately
reproduce the desired variable structure control force, the input voltages to their current drivers were derived according
to the Clipped-Control algorithm. The steady-state and transient performances of the suspension were assessed through
numerical analyses. Despite not have been considered for the synthesis of the suspension, phenomenological models for
the MR dampers and for the seat-driver subsystem along with a half-vehicle model with flexible body were considered
for the performance assessment. For comparison purposes, a MR suspension based on the Optimal Control approach
and two ideal active suspensions were also considered.
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INTRODUCTION

The aggressive competition within the Automobile Industry, along with the tightening of the requirements on human
safety and comfort, has yield to the need of improving the vehicle suspension systems. The developing coming from
this scenario aim at very different targets ranging from ride comfort to safety, passing through road damage minimiza-
tion. They constitute complex and not necessarily harmonic goals to be achieved, given rise to significant technological
challenges.

Three main strategies can be considered for vehicle suspension, namely: passive, active and semi-active. Usually,
passive suspensions are effective only in a limited range of the vehicle operation. Conflicting trade-offs between different
performance indices, such as ride comfort and road holding, are extremely difficult to be achieved with passive suspensions
(Sharp and Hassan, 1986). Much more flexible and, consequently, more effective systems can be obtained relying upon
the use of active suspensions (Hrovat, 1997). Although these suspensions present an improvement on the the capacity of
the vehicle to adapt to changes in the operation conditions, they often require excessive power supply and sophisticated
electronic devices not compatible with the industry standards. In order to circumvent these technical barriers, a lot of
effort has been recently devoted to semi-active suspensions (Yao et al., 2002; Yokoyama et al., 2001; Stutz and Rochinha,
2005). Essentially, semi-active suspensions have properties that can be dynamically changed in order to optimally achieve
the goals. The Semi-active systems represent one of the most promising devices for practical applications in vibration
isolation problems. This is due to their inherent stability and versatility, besides the relative simplicity and much lower
power demand as compared with their active counterparts (Carlson and Spencer, 1996).

The development of the electro-rheological and magneto-rheological (MR) dampers increased the applicability of the
semi-active suspensions. In these devices, the viscosity of the fluids can be dramatically changed in the presence of
electric and magnetic fields, respectively. However, these systems present highly nonlinear dynamic behavior and one of
the main challenges in the application of MR suspensions is the development of appropriate control algorithms (Jansen
and Dyke, 1999; Stutz and Rochinha, 2005).

In the present work, a MR suspension system is synthesized built on the Variable Structure Control approach (Edwards
and Spurgeon, 1998). The suspension synthesis was developed as follows (Stutz, 2005). A reference model based on the
vehicle nominal model was considered for specifying the desired dynamics for the vehicle body and a control force was
derived in order to force the tracking error dynamics, between the state of the vehicle body and that of the reference model,
to attain a sliding mode. To induce the MR dampers to approximately reproduce the desired variable structure control
force, the input voltages to their current drivers were derived according to the Clipped-Control algorithm (Jansen and
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Dyke, 1999). The inherent robustness of the variable structure control is required to deal with parameters uncertainties
commonly present in the vehicle model.

The steady-state and transient performances of the suspension were assessed through numerical analyses, where phe-
nomenological models for the MR dampers and for the seat-driver subsystem, along with a half-vehicle model with
flexible body, were taken into account. It will be shown that, due to the control-structure interaction, accounting for the
flexibility of the vehicle body, in the performance assessment of active and MR suspensions systems, is a fundamental
concern. Besides, the performance of the MR dampers are greatly dependent on the control approach, the intensity of the
vehicle body and the vehicle model considered.

MATHEMATICAL MODELING
Half-Vehicle Model with Rigid Body

The present work considers a half-vehicle model with rigid body, depicted in Fig. 1, for the synthesis of a magneto-
rheological (MR) vehicle suspension system. In this model, the vehicle posses a rigid body of mass m; and moment of
inertia Jcg. The masses m;y and m, represent the effective ones of the front and rear suspensions, respectively. The
suspensions are composed of springs ki and k1,; dampers d; s and dy,; and control elements uy and u,.

Figure 1 — Half-vehicle model with rigid body.

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

miGeg +dif(q1r — Gar) +dir(q1r — G2r) +kip(q1r — q27) +kir(q1r — q2r) = us +uy
JegO+ardp(q1y — qof) — axdir (q1r — G2r) +arkip(q1 7 — q27) — a2ki (q1r — q2r) = a1up — azu,
myfdof + dzfqu + dlf(chf - C]lf) Jrszqu Jrklf(q2f - 6]1]’) =—uf+ dszf + szzf

marGar +dorgor +dir(G2r — q1r) + korqar + ki (q2r — q1) = —ur +doy 2y + koyzy

(D

where (-) is the differentiation with respect to time, g¢¢ is the vertical displacement of the center of gravity CG, 6 is the
angular displacement of the vehicle body, g1 and gy, are the vertical displacements of the connection points between
the vehicle body and the front and rear suspensions, respectively; g»¢ and g, are the displacements of the front and rear
wheels; and z; e z, are front and rear disturbances due to the movement of the vehicle over an unevenness road.

Defining the generalized displacement vector q"=[gcc 0 q2f  go/], Eq. (1) may be written in the matrix form

X = Ax+Bu+Bgf; 2
where the state vector X, the control action u and the disturbance f, are defined as follow
_|a . _ | ur . _ | sty tkaszy
X |: q :| ’ " |: Ur :| ’ fz |: erZr + erZr (3)
Magneto-Rheological Damper

In order to model the nonlinear behavior of the MR damper, the modified Bouc-Wen model depicted in Fig. 2 is
adopted in this work. This model has been shown to accurately predict the nonlinear behavior of a prototype MR damper
over a wide range of inputs (Spencer et al., 1996).

In the modified Bouc-Wen model, the force generated by the MR damper is given by

u=cry+ki(qg—qo) “4)
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Figure 2 — The modified Bouc-Wen model of the MR damper.
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where the internal variable y and the hysteretic displacement / are given by the following equations

V= wraglehteodtkolg=y] 1 h==Ag=ylhlal"" =BG —Y)|l" + (G- ) )

where the parameters v, 3, &/ and n control the shape of the hysteresis loop. The model parameters are assumed to be
dependent on the voltage V applied to the current driver as follows

o(v) =0, + oy ; c1(v) =cia+cpv ; co(v) = coa + copv (6)

where v is the output of the first order filter that accounts the dynamics involved in reaching the rheological equilibrium,
Viz.

v=—=(r-V) (7)

Seat-Driver Subsystem

In the present work, a MR suspension based on the Variable Structure Control will be synthesized in order to improve
on the ride comfort obtained by the passive suspension system. Therefore, a phenomenological model of the seat-driver
subsystem, depicted in Fig. 3, will be considered for performance assessment. This model presents an apparent mass
similar to that of seated human body exposed to vertical vibrations (Wei and Griffin, 1998). In Fig. 3, the seat is modeled
by the spring k;; and the damper d;;; the point C represents the driver position and the point B is the connection point
between the vehicle body and the seat-driver subsystem (see Fig. 1).

The dynamic behavior of the seat-drive subsystem is given by

ka3 dgs

qa3
mg3

kd2 ddZ

mg, J oz
q
c my, J dl
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Figure 3 — Phenomenological model of the seat-driver subsystem.

maigai +dai(Gar — ) +daz(4a1 — Ga2) +da3(Gar — qaz) +

+ ka1 (ga1 — qB) + ka2 (qa1 — qaz) + ka3 (g1 — qaz) =0 ®)
Mgz +dar(Gaz — Gar) +ka2(qa2 — ga1) =0
my3a3 +da3(Gaz — Gar) +ka3(qa3 —qa1) =0

MR-VSC VEHICLE SUSPENSION SYSTEM

The MR-VSC suspension was synthesized as follows. A reference model was considered for specifying the de-
sired dynamics for the vehicle body and a control force was derived, built on the VSC, in order to force the tracking
error dynamics, between the state vector of the vehicle body and that of the reference model, to attain a sliding mode
(Yokoyama et al., 2001). This force was taken as the desired control force u; for the MR damper. Then, the Clipped-
Control approach (Jansen and Dyke, 1999) was considered for determining an input voltage V to the current driver of the
MR damper in order that the generated force u approximately reproduces the desired one.
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The dynamic behavior of the vehicle body, described by the first two equations in Eq. (1), may be written in the more
general state-space form as

Xp = Apxp + By, (-t +f, +1£) 9

where the state vector of the vehicle body x;, and the signal f, are defined as

. ; dirgor+k

T _ _ 1fq2f T K1rq2

X, = 0 0 f, = . 10
> = laco gce 6] 2 dirqor +kirq2r (10)
It is worth noting that the signal f; is defined from nominal parameters and the wheel dynamics, which is considered
as known. The signal fy accounts for matched disturbances (Edwards and Spurgeon, 1998) resulting from unmodeled
dynamics, i.e., the ones resulting from the flexibility of the vehicle body. The signal f, accounts for parameter uncertainties
and is given by

—Adif(d17 —Gof) — Akig(qir — qof) — (W) an

—Ad1,(q1r — Gor) — Akt (q1r — q2r) — (W

p=

where A(+) represents the uncertainty on the nominal parameter (-).

Synthesis of the Reference Model

In order to specify the desired dynamics for the vehicle body, the reference model depicted in Fig. 4 was adopted.
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Figure 4 — Reference model for the vehicle body.
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The dynamics of the reference model is given by

Xpm = Abmxbm + ma (um + f2m) (12)

where the state vector x;,, and the signal f,, are the reference model counterparts of those signals in Eq. (10) for the
vehicle body. The control force u,, should be properly determined so that the reference model dynamics be the desired
one for the vehicle body. In the present work, the Optimal Control approach was considered for determining the control
force of the reference model. The following performance index, that trades-off ride comfort versus suspension deflections,
while maintaining constraints on the control effort, was adopted

e N
Jm=Jim = | {rl (dGeom)? +r2(6m)> 473 [(@1pm — 42¢)* + (@um — 42r)] + raupys +“r2nr)}dt (13)

T—oo

where ry, rp, r3 and r4 are weighting coefficients. It is worth noting that the performance index in Eq. (13) and, conse-
quently, the dynamics of the reference model does not depend on the road disturbances z ¢ and z,.

Synthesis of the Variable Structure Control Force

Defining the tracking error vector as the difference between the response of the vehicle body x;, and the response of
the reference model xp,,, viz.

€ =Xp —Xpm (14)

and considering Egs.(9) and (12), the error dynamics is governed by the following equation

e=A,e+f,+Bu+f, (15)
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where the signals f; and f,, are defined as follows

fi = [Ab - Abm] X, + Bpfr — By, (llm + fzm)

£, = By (£, + o) (16)

Its worth noting that the signal f; is a known one, since it is composed of system nominal matrices, reference model
matrices and known signals. The signal f,,, on the other hand, represents an unknown matched disturbance, associated
with unmodeled dynamics, through fy, and parameter uncertainties, through f,, which is defined in Eq. (11).

The sliding surface S is defined in the error space as follows

S={ecR*/s=0} (17)

where s is an error dependent switching function defined as

s = Se (18)

where sliding surface matrix S € R?>*# is a design matrix of full rank and it is partitioned as

S=[S;1 S (19)
where 81 € R?*? and S, € R?*2. For the existence and uniqueness of the sliding mode, a necessary condition is that the
matrix S; be nonsigular (Edwards and Spurgeon, 1998).

During the sliding mode, the error dynamics is constrained to the surface S, defined in Eq. (17), and it is given by

e = [1 _B, (SB,,)_IS} Ape (20)

Therefore, according Eq. (20), during sliding motion, the error dynamics is independent of the control input u and it
is invariant with respect to the matched disturbance f,,. Hence, a reference model and a sliding surface matrix may be
properly synthesized in such a way that the error dynamics asymptotically goes to zero, despite the presence of matched
unmodeled dynamics and parameter uncertainties.

In can be shown (Stutz, 2005) that the following proposed control law gives sufficient conditions for inducing and
maintaining the error dynamics in sliding mode

u(t) = —(SB,) 'S [Apne(t) + (1) + (SB,) ' s(r) —p(e,t)(SBh)_lm; for s(e(t)) #0 (21)
2

where @ € R?>*? is an arbitrary matrix whose eigenvalues have negative real parts, P, is a symmetric positive definite
matrix satisfying the Lyapunov equation

P, o+ d'P, = —1 (22)

and p(e,7) is a modulation function, which must satisfy the inequality

ple,r) > ISz [l +n (23)

where || - || is the norm of (-), 7 is an arbitrary positive constant, S; is given in Eq. (19) and f,, is the projection of f,, into
the range space of B. It is worth noting that the modulation function may also be chosen as a constant value, however, in
this case, only a local stability of the error dynamics can be proven.

Due to its semi-active nature, the MR dampers are not able to perform the control force given by Eq. (21). Besides,
only the input voltages to the current drivers of the MR dampers can be directly controlled. Hence, to induce the MR
dampers to generate approximately a desired control force, the Clipped-Control approach (Jansen and Dyke, 1999) was
considered and the input voltages V¢ and V; to the front and rear dampers, respectively, are given by

V= VmaxH [(ll — llMR)l.lMR} (24)

where V' = V¢ Vi, Vinax is the maximum applied voltage, upypr is the force provided by the MR dampers, u is the
desired control force and H(-) is the unit step function.
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Table 1 — Nominal parameters of the half-vehicle model, MR dampers and seat-driver subsystem.

m 705 kg Jeg | 945 kgm® Cla 14649 Ns/m C0a 784 Ns/m

may 50 kg My S50 kg c1p | 34622 Ns/(Vm) | cop | 1803 Ns/(Vm)

by | o ]’;N/ m_L b 160'?/"7 /m O 12441 N /m B | 2059020 m 2
2f s/m 2r s/m —

kz; 50N | T | 350 kN m o, | 38430 N/(Vm) y 136320 m 2
ai 1.30m ap 1.22m A 58 N/m n 2

by 358m by 1.06 m uo 20,6 N n 190 57"

mgqi 6,7 kg kdl 50210 N/m ddl 276 Ns/m
mgo 334 kg kd2 35776 N/m ddZ 761 Ns/m
mgs3 10,7 kg kd3 38374 N/m dd3 458 Ns/m

MR-OPTIMAL VEHICLE SUSPENSION SYSTEM

For comparison purposes, a MR vehicle suspension system based on the Optimal Control approach is also considered
in this work. The following performance index, which trades-off ride comfort versus tyre deflections, while maintaining
constraints on suspension deflections and control efforts, was adopted

1T )
J = lim A {Pl (Gc)” +p2(8)* +p3 [(q1f — a2p)* + (q1r — q2r)*] +

T—eo (25)
+pa [(q27 — 2¢)* + (q2r — 2)?] + ps (uf + u7) }dt

where p1, P2, p3, P4 and ps are weighting coefficients and the front and rear road disturbances zy and z, can be modeled

as the output of a first order filter (Ha¢ et al., 1996a). However, since the rear road disturbance is the time-delayed front

disturbance, one has

g+ @)z =8 5 )=zl —(a1+a)/7) (26)

where ¥ is the vehicle velocity, a is a parameter depending on the road surface quality, & is a white noise process with
intensity W = 202a?¥, where 62 is the variance of the road irregularities, and (a; +ay) is the distance between the front
and rear wheels.

The optimal control force is given by

u=—-Gyx, 27

where G, is the control gain and x! =[x z ¢ 2] is the augmented state vector, with x given by Eq. (2). It is worth
noting that the optimal control force given by Eq. (27) requires the knowledge of the road disturbances z and z,.

Once again, to induce the MR dampers to generate approximately the optimal control force, given by Eq. (27), the
input voltages to their current drivers are given by Eq. (24).

NUMERICAL ANALYSES

In order to assess the performance of the MR suspensions, numerical analyses considering the half-vehicle model were
carried out. Despite not have been considered for the synthesis of the suspensions, the seat-driver subsystem, depicted in
Fig. 3, was also considered for the performance assessment. The nominal parameters of the vehicle model, MR dampers
and seat-driver subsystem are given in Table 1.

The MR suspensions were obtained just replacing the passive dampers of the vehicle model with the MR ones. The
input voltages to the current driver of these dampers was selected according Eq. (24) with the maximum voltage V,,,,x =2V.

Steady-state disturbances, induced by paved and asphalt roads, and a transient disturbance, induced by an impact
bump, were considered in the analyses. Figure 5 depicts the road induced disturbances at the front wheel for a vehicle
speed ¥ = 20m/s. The steady-state disturbances were obtained from Eq. (26), with a = 0.45 m~! and 62 = 3-107* m?
for the paved road, and with @ = 0.15 m~! and 6> = 9-10~% m? for the asphalt road.

The MR-VSC suspension was obtained as follows. The nominal parameters of the vehicle were adopted as the ones
of the reference model and the weighting coefficients for deriving the control force of the reference model were chosen as
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Figure 5 — Road induced disturbances at the front wheel for a vehicle speed ¥ = 20m/s.

rn=1,rn=2r=235- 10* and r4 = 107°. The sliding surface S was defined adopting S; and S, as identity matrices.
The same for matrix & of the desired control law in Eq. (21), which resulted, from Eq. (22), in P, = 0.51. The modulation
function was adopted as p = 3. Finally, the input voltages was selected according Eq. (24).

The MR-Optimal suspension was obtained considering the weighting coefficients p; = 1, p» = 2, p3 = 2- 103,
ps = 2.5-10* and p5s = 107°. The input voltages was selected according Eq. (24) with the desired control force given by
Eq. (27). It must be emphasized here that the implementation of the MR-Optimal suspension, according to Egs. (26) and
(27), requires a knowledge of the road induced disturbances z and z,..

For comparison purposes, active suspensions capable of providing integrally the control forces given in Egs. (21) and
(27) were also considered. These suspensions were named VSC and LQG, respectively. It is worth noting that these are
ideal suspensions, since the dynamics of their actuators were not taken into account. The control parameters for these
suspensions were kept the same of their MR counterparts.

In the results that follows, the steady-state performance of the suspensions were assessed in terms of rms, maximum
and average deviation values of the displacement and acceleration of point C (driver position in Fig. 3); acceleration of
point B and deflections of the front suspension and tyre. The average deviation d,, of a signal is defined as the rms
value of its time derivative and it is supposed to provide some information about the frequency content of the signal. The
performance indices were computed for a simulation time 7 = 10s.

The performance of the suspensions, relative to the passive one, for the rigid body vehicle and the disturbance induced
by the paved road is given in Tab. 2. From this, one can clearly see that all considered suspensions greatly improved on
ride comfort, which is related to the performance indices associated with the acceleration of points B and C. With respect
to the acceleration of point B, the MR suspensions presented a performance comparable to that of the active ones. The
suspensions also improved on the performance indices associated with the displacement of point C, specially the VSC one,
whose performance was greatly superior to that of the others suspensions. All considered suspensions presented relatively
great d,,s values of the deflections, indicating a possibility of greater amplitudes in the high frequency components of
these signals. Performance indices associated with the tyre deflections are also shown in Tab. 2.

Table 2 — Performance relative to the passive suspension one for the rigid body vehicle and the paved road
disturbance.

Suspension
LQG VSC MR-LQG MR-VSC
rms 0,54 0,29 0,90 0,81
qc max 0,52 0,30 0,89 0,87
s 0,47 0,35 0,38 0,79
rms 0,57 0,58 0,76 0,76
Go max 0,58 0,59 0,68 0,67
dyms 0,72 0,71 0,70 0,70
rms 0,72 0,70 0,74 0,71
Gp max 0,70 0,67 0,66 0,69
dyms 0,77 0,70 0,74 0,74
rms 1,06 1,06 1,14 1,14
(q17 —q2¢) max 1,08 1,03 1,11 1,14
Ay 1,38 1,41 1,42 1,47
rms 1,28 1,31 1,27 1,31
(g27 —zf) max 1,08 1,12 1,03 1,08
dyms 1,03 1,03 1,03 1,03

For the rigid body vehicle, all suspensions also presented a great improvement on the ride comfort obtained by the
passive suspension when considering the asphalt road and the impact bump (Stutz, 2005).

Despite have not been considered for the synthesis of the suspensions, the flexibility of the vehicle body yield struc-
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tural vibrations that may result in a great performance drop (Ha¢ et al., 1996a, 1996b). This is due to the subjective
discomfort from the direct exposure to high frequency vibrations or noise. Hence, due to the control-structure interaction,
accounting for the flexibility of the vehicle body, in the performance assessment of active and MR suspensions systems, is
a fundamental concern. However, these structural vibrations may present little increment on the rms values of acceleration
signals, which are standard indices of ride comfort. Hence, as the average deviation d,,s is supposed to provide some
information about the frequency content of the signals, it will be used here as a complementary index of ride comfort.

For taking the flexibility of the vehicle body into account, the Finite Element Method (Reddy, 1984) was considered.
The vehicle body was modeled as an uniform beam and 10 finite Euler-Bernoulli beam elements were used for its dis-
cretization. Then, the bending stiffness EI of the body was adjusted so that the vehicle first natural frequency fitted the
corresponding one given by Hac et al. (1996a). The other parameters are given in Tab. 1.

— LQG - Rigido
—— LQG - Flexivel

— VSC - Rigido
— VSC - Flexivel

Aceleracdo do Ponto B (m/sz)
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Figure 6 — Acceleration of point B at the rigid and flexible vehicles with the active and MR suspensions for the
impact bump.

The influence of the vehicle body flexibility on the transient performance of the suspensions is depicted in Fig. 6. This
figure presents the acceleration of point B, due to the impact bump, at the rigid and flexible vehicles with the active and
MR suspensions. From Fig. 6, one can clearly note the influence of the body flexibility on the oscillation amplitudes and
on the presence of high frequency components in the acceleration of point B at the flexible vehicle. The MR suspensions
presented greater performance drops, due to the flexibility of the vehicle body, than the active ones. For those suspensions,
especially the VSC-MR one, the high frequency vibrations lasted for longer times and presented higher amplitudes. It is
worth noting that the active VSC suspension was able to quickly suppress the high frequency vibrations in the acceleration
of point B.

Table 3 presents the the performance of the suspensions, relative to the passive one, for the flexible body vehicle and
the disturbance induced by the paved road. In spite of the flexibility have not been considered for the synthesis of the
suspensions, it can be seen that all suspensions greatly improved on ride quality. The performance indices associated
with the acceleration of point C along with the rms and maximum values of the acceleration of point B were greatly
improved. The suspensions also improved on the performance indices associated with the displacement of point C. The
active suspensions presented a great improvement on these indices, specially the VSC one, whose performance, as in the
rigid body case, was greatly superior to that of the others suspensions. It is worth noting that the MR suspensions pre-
sented maximum values of the front deflections significantly greater than that of the passive suspension. All suspensions
presented relatively great d,,,,s values of the deflections.

The performance of the suspensions, relative to the passive one, for the flexible vehicle and the disturbance induced
by the asphalt road is given in Tab. 4. From the presented results, it can be clearly seen that the active suspensions
greatly improved on ride comfort. The MR suspensions also presented great improvements on the rms and maximum
values of the acceleration of point C. With respect to the acceleration of point B, among the MR suspensions, only the
MR-LQG presented an improvement on the rms and maximum values. The MR suspensions presented higher d,,,; values
of the acceleration of points B and C, especially the MR-VSC. However, the low rms value of the tyre deflection for
this suspension indicates that a better performance on ride quality may be achieved. All suspensions improved on the
performance indices associated with the displacement of point C.
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Table 3 — Performance relative to the passive suspension one for the flexible body vehicle and the paved road
disturbance.

Suspension
LQG  VSC  MRLQG  MR-VSC

ms 0.53 0.29 0.90 0.81

qc max 0.53 0.31 0.95 091
s 0.46 0.34 0.89 0.79

rms 0.58 0.61 0.78 0.78

Gc max 0.59 0.60 0.68 0.65
dys 0.72 0.73 0.72 0.74

ms 0.71 0.72 0.74 0.73

Gp max 0.68 0.67 0.79 0.78
dys 1.02 0.54 0.93 0.96

ms 0.97 0.93 1.12 1.09

(qiy—qoy) max 106 093 1.22 1.24
dyms 1.38 127 1.42 1.48

ms 1.27 1.20 1.27 1.31

(927 —z7)  max 1.07 1.05 1.03 L12
s 1.03 1.02 1.03 1.03

Table 4 — Performance relative to the passive suspension for the flexible body vehicle and the asphalt road
disturbance.

Suspension
LQG VSC MR-LQG MR-VSC
rms 0.61 0.30 0.80 0.75
qc max 0.58 0.30 0.82 0.79
dyms 0.49 0.31 0.74 0.65
rms 0.54 0.53 0.74 0.77
G max 0.58 0.50 0.69 0.65
g 0.71 0.73 1.05 1.25
rms 0.69 0.68 0.88 1.00
gn max 0.69 0.61 0.93 1.12
yms 0.98 0.55 1.95 2.25
rms 0.94 1.02 0.94 0.87
(q17 —q27) max 0.92 1.07 1.00 0.96
dyms 1.36 1.25 1.30 1.17
rms 1.25 1.18 1.18 1.08
(25 —zf)  max L1l 1.07 1.08 1.09
dyms 1.03 1.02 1.02 1.01

From the results presented in this section, one can note a drop in the performance of the suspensions due to the
flexibility of the vehicle body. The greater drops were presented by the MR suspensions, mainly for the impact bump and
the asphalt road. However, the Clipped-Control algorithm used in the MR dampers may result in a high frequency control
force, which may excite the flexible modes of the vehicle body, contributing to a performance drop. Besides, if the road
induced disturbances are not sufficient to yield the MR fluid through the damper valves, the dampers will behave as rigid
elements, between the vehicle body and the wheels, and, in this case, all of the vibration energy will be transmitted by the
suspension.

CONCLUDING REMARKS

The synthesis of a magneto-rheological vehicle suspension system based on the Variable Structure Control approach
was considered in the present work. A half-vehicle model with rigid body was considered for the suspension synthesis.
The performance of the suspension was assessed through numerical analyses. In these analyses, phenomenological models
for the MR dampers and for the seat-driver subsystem along with the flexibility of the vehicle body were taken into
account. For comparison purposes, the following suspensions were also considered: MR-LQG, active LQG and active
VSC. For the rigid body vehicle and the disturbance induced by the paved road, all the considered suspensions greatly
improved on the ride quality obtained by the standard passive suspension. In general, the active suspensions outperformed
the MR ones. However, it must be emphasized that, differently for the MR dampers, the dynamics of the active actuators
was not considered in the numerical analyses. All the suspensions, specially the MR ones, presented a drop in their
performances when the flexibility of the vehicle body was taken into account. The greater performance drops were
observed for the impact bump and the asphalt road disturbances. Therefore, considering these disturbances and the
MR suspensions, the improvement on the ride comfort predicted by the rigid vehicle model is not verified. For the MR
suspensions, the discontinuity of the input voltages to the current drivers, determined from the Clipped-Control algorithm,
along with the visco-plastic behavior of the MR fluids, may have contributed for a greater performance drop. From the
numerical results presented, one can observe that the performance of a MR suspension is greatly dependent on the control
approach, the disturbance intensity and the vehicle model considered.
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