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Abstract: In this paper, we propose a robust ride comfort control scheme for vehicles without using measurements of
tire deflections. To realize good ride comfort without using measurements of the tire deflections, we propose using an
estimator for the acceleration of the road disturbance, the derivative of the suspension strokes and the derivatives of
the displacements from the road disturbance to the vehicle body. Using the estimates, we can design a combined ideal
vehicle. Then, a tracking controller is designed so that the real vehicle can track the motion of the combined ideal vehicle.
Moreover, by carrying out numerical simulations, the influence of measurement disturbances on control performance will
be investigated. As a result, it is shown that the proposed ride comfort control scheme is effective even in the presence of
measurement disturbances.
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I. INTRODUCTION

Recently, in order to achieve good ride comfort and
good handling qualities, a large number of control
schemes using active suspensions have been proposed in
[1]-[4]. In conventional schemes [1]-[4], the active sus-
pensions are controlled so that the suspension strokes lie
within an admitted range and the handling quality does
not become worse. As a result, the ride comfort will be
best at only one specified location on the vehicle body.
In cases when the specified location has to be moved,
too much time is needed to redesign an active suspen-
sion controller. To struggle with this problem, the authors
have proposed some active suspension control schemes
[5]−[7]. In vehicle systems using controllers proposed in
[5]-[7], the following good properties exist: (1) The ride
comfort at a specified location will be best. (2) The best
location can be easily moved by setting only one design
parameter without redesigning the suspension controller.
However, in the proposed schemes [5]-[7], it is assumed
that the tire deflections can be measured. Since road sur-
faces are uneven, and using noncontact sensors such as
laser position sensors, it is difficult to measure the tire
deflections with high accuracy.

To overcome this problem, the authors have proposed
a ride comfort control scheme without using the measure-
ments of tire deflections[8],[9]. To realize good ride com-
fort without using measurements of the tire deflections,
the signals are measured such as the vertical accelera-
tion on the vehicle body, the displacement and the ve-
locity of the suspension stroke, the vertical acceleration
of the unsprung mass and the force added to the vehi-
cle body. In addition, we propose using an estimator for
the acceleration of the road disturbance and the deriva-

fffr

Fig. 1. Two wheels model.

tives of the displacements from the road disturbances to
the vehicle body. In the papers [8],[9], however, the in-
fluence of measurement disturbances on control perfor-
mance has not been considered. Moreover, it is assumed
that the derivative of the suspension strokes can be rigor-
ously measured.

In this paper, we propose an estimator for the accelera-
tion of the road disturbance, the derivative of the suspen-
sion strokes and the derivatives of the displacements from
the road disturbances to the vehicle body. A robust active
suspension controller with the estimated signals is pro-
posed. Moreover, carrying out numerical simulations, the
influence of measurement disturbances on control perfor-
mance is investigated. As a result, it is shown that the
proposed ride comfort controller is very effective even in
the presence of measurement disturbances.

II. VEHICLE MODEL

The two wheels model is shown in Fig. 1. The expla-
nation for parameters is shown in Table 1. It is assumed
that the pitching angle is small, and then, the dynamic
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equationof vehicles is given as follows.

ẍz(t) = d(t) ¡ H−1ẅ(t)
ẍu(t) =¡Kuxu(t)¡M−1

u f(t)¡ẅ(t)
xz(t) = H−1[zf (t) ¡ wf (t), zr(t) ¡ wr(t)]T

xu(t) = [zuf (t) ¡ wf (t), zur(t) ¡ wr(t)]T

d(t) = M−1HT f(t)
f(t) = [ff (t), fr(t)]T

= ¡Cẋs(t) ¡ Kxs(t) + u(t)


(1)

xs(t) = Hxz(t) ¡ xu(t)
u(t) = [uf (t), ur(t)]T , w(t) = [wf (t), wr(t)]T

M = (TT
h )−1diag[m, ic]T−1

h

Mu = diag[muf ,mur],K = diag[kf , kr]
C = diag[cf , cr],Ku = M−1

u diag[kuf , kur]

Th =I2 ¡ Dh,H =
[

1 a
1 ¡a

]
, D=

[
0 1
0 0

]


(2)

The control objective is to develop an active suspen-
sion controller so that the ride comfort at a specified lo-
cation becomes best. In general, humans feel uncomfort-
able in the vertical oscillation with the frequency about 1
Hz. Therefore, to achieve the control objective, we de-
velop a controller so that the vertical acceleration can be
reduced to a small value at any specified location` on
the vehicle body. To meet the objective, the following as-
sumptions are made for actual vehicles.
A1 The accelerations̈zf (t), z̈r(t), z̈uf (t) andz̈ur(t) are
measured.
A2 The forcef(t) = [ff (t), fr(t)]T added to the sprung
mass are measured.
A3 Suspension displacementxs(t) is measured.
A4 Vehicle parameters are known except for the length
a, the front and the rear tire stiffnesskuf , kur and the tire
massmuf ,mur.
A5 The second and third derivation of the road distur-
bancew(t) are bounded.

III. ACTIVE SUSPENSION CONTROLLER

Fig. 2 shows the configuration of the vehicle active
suspension system proposed in [7]. The combined ideal
model shown in Fig. 2 has good properties. Namely, 1)
The ride comfort at a specified location becomes best, 2)
The best location can be easily moved by setting only one
design parameter without redesigning the combined ideal
vehicle. If the real vehicle can track the motion of the de-
signed combined ideal vehicle, the control objective can
be achieved. The active suspension control system in Fig.
2 is designed so that the real vehicle can track the mo-
tion of the combined ideal vehicle. To achieve the control
objective, the signals of road disturbanceẅ(t) and state
variablesxz(t), ẋz(t), xu(t), ẋu(t) d(t) are required in
the controller proposed in [7].

According to the assumption A1, it can be seen that
the following signals are available.

ẍs(t) = [z̈f (t), z̈r(t)]T ¡ [z̈uf (t), z̈ur(t)]T

Hd(t) = [z̈f (t), z̈r(t)]T

}
(3)

Table1 Notation of vehicle model.
C, CG centerand center of gravity of vehicle body
zcg, θ vertical displacement atCG and pitching
zf , zr vertical displacement of vehicle body at

positions on front and rear wheel axle
zuf , zur vertical displacement of front and rear un-

sprung mass
wf , wr vertical displacement of road disturbance

added to front and rear wheel
v longitudinal velocity of vehicle
m, ic sprung mass and moment of inertia of ve-

hicle body
a half of vehicle body length
h, ` distances fromC to CG and fromC to P
muf,mur front and rear unsprung mass
kf , kr front and rear suspension stiffness
cf , cr front and rear suspension damping rate
kuf , kur front and rear tire spring stiffness
ff , fr front and rear force added to sprung mass
uf , ur front and rear active suspension control

force
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Fig.2 Configuration of active suspension control system.

Moreover, it is easy from (1), (2) to ascertain that the
following signals are also available.

p1(t) = K−1
u

(
ẍs(t) ¡ (Hd(t) + M−1

u f(t))
)

= xu(t)
p2(t) = xs(t) + p1(t) = Hxz(t)

(4)

If an estimator for ẋs(t) and ẋz(t) are devel-
oped, then, the signal̇xu(t) becomes also avail-
able. Therefore, we will develop an estima-
tor for ẋs(t), ẋz(t) and ẅ(t). Consider the
new state η(t) = [η1(t)T , η2(t)T ,η3(t)T ]T =
[ẋs(t)T ,Hẋz(t)T , ẅ(t)T ]T . Then, the estimator for the
stateη(t) is proposed as

η̂1(t) = αxs(t) + ζ1(t),
ζ̇1(t) = ẍs(t) ¡ αη̂1(t),
ζ1(0) = ¡α(p2(0) ¡ p1(0))

 (5)

η̂2(t) = 2αp2(t) + ζ2(t),
ζ̇2(t) = ¡2αη̂2(t) + Hd(t) ¡ η3(t),
ζ2(0) = 2αp2(0)

 (6)
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Fig. 3 Configuration of active suspension control system
using proposed estimator.

η̂3(t) = ¡3α2p2(t) + ζ3(t),
ζ̇3(t) = 3α2η̂2(t),
ζ3(0) = 3α2p2(0)

 (7)

where η̂i, i = 1, 2, 3 are estimated signals forηi, i =
1, 2, 3, andα is a positive deign parameter introduced to
improve performance of the proposed estimator. Differ-
entiating the first equation in (5)(6)(7), we obtain the fol-
lowing equation.

˙̂η1(t) = αη̃1(t) + ẍs(t)
˙̂η2(t) = 2αη̃2(t) + Hd(t) ¡ η̂3(t)
˙̂η3(t) = ¡3α2η̃2(t)

 (8)

˙̃η(t) =

 ¡α O2 O2

O2 ¡2α ¡I2

O2 3α2 O2

 η̃(t) +

 0
0
1

 ẅ(t) (9)

Whereη̃ = η ¡ η̂ and η̃i = ηi ¡ η̂i, i = 1, 2, 3 . It
is assumed that the proposed controller starts in the situ-
ation where the oscillation of the vehicle body dose not
occur. According to the assumption A5, for the proposed
estimator(5)(6)(7), the following theorem holds.

Theorem 1: For estimatioñη1(t), η̃2(t), η̃3(t), there ex-
ist bounded positive constantsρEi, i = 1, 2 independent
of the design parameterα such that

‖η̃1(t)‖2 = 0
‖η̃2(t)‖2 ≤ ρE1α

−4

‖η̃3(t)‖2 ≤ ρE2α
−2

 . (10)

It can be concluded from the theorem 1 that the es-
timated errors decrease as the design parameterα in-
creases. In case when the design parameterα is set to
be large enough, we can obtain the signalsHẋz(t) and
ẋs(t) with enough accuracy. Then, the signalẋu(t) =
Hẋz(t) ¡ ẋs(t) becomes also available. Namely, from
(3), (4) and theorem 1, it can be concluded that the all
required signals are available. Configuration of the active
suspension control system using the proposed estimator
is shown in Fig. 3.
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Fig. 4 Disturbancenf1(t), nz1(t) added to measure-
mentsff , ẍz(t).
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Fig. 5. Road disturbancewf (t).

IV. NUMERICAL SIMULATION RESULTS

To investigate the influences of measurement distur-
bances, numerical simulations are carrying out. The fre-
quencies of measurement disturbances are set as 100[Hz]
and 1000[Hz]. The measurement disturbancenf1(t)
added to a signal of force sensorff (t) are shown in Figs.
4 (a), (b), and the measurement disturbancenz1(t) added
to a signal of acceleration sensor (cT ẍz(t), c = [1, 0]T )
are shown in Figs. 4 (c), (d). The maximum values
of measurement disturbances of force sensors and ac-
celeration sensors are set as 0.12[N] and 0.05[m/s2], re-
spectively. For the other sensors, similar measurement
disturbances are added. The values of vehicle parame-
ters are shown in Table 2. The design parameterα for
the proposed estimator is set asα = 2000. The design
parameters for the tracking controller shown in Fig. 2
are set as a large value so that the tracking error be-
tween the actual vehicle and the ideal vehicle model
can become small. And the vehicle velocity is set as
v = 100 £ 1000/3600[m/s]. Road disturbancewf (t) =
wr(t ¡ L), L = 2a/v is shown in Fig. 5.

Fig. 6 shows the responses of the vertical acceleration
of the controlled vehicle shown in Fig. 3 at the speci-
fied locationl = ¡1.0(lp = ¡0.7). The thin line shows
the responses of the acceleration of the controlled vehicle
without measurement disturbances. The thick lines show
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Table2 Nominal values of parameters.
m 781 kg ic 990 kgm2

h 0.04 m a 1.38 m
kf 27160 N/m kr 29420 N/m
cf 4000 Ns/m cr 2500 Ns/m

muf 69 kg mur 96 kg
kuf 229000 N/m kur 255000 N/m

theresponses of the controlled vehicle with measurement
disturbances, and the dashed lines show the responses of
the passive vehicle. It is seen from Fig. 6 that the accel-
eration responses do not vary even in the presence of the
measurement disturbances.

V. CONCLUSION

We have proposed the active suspension control
scheme in which tire deflections are not required. The
proposed suspension controller has a good property that
the location where the ride comfort becomes best can be
easily moved by setting only one design parameterlp. It
has been shown by carrying out numerical simulations
that in the closed loop system using the proposed ride
comfort control scheme, the influence of measurement
disturbances is analyzed by using numerical simulations.
As a result, it is shown that the proposed ride comfort
control scheme is very effective even in the presence of
measurement disturbances.
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Fig. 6 Responses of the vertical acceleration of the vehi-
cle at the specified locationl = ¡1.0(lp = ¡0.7)
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