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Abstract: In this paper, a robust ride comfort control scheme for vehicles is proposed in which the measurements of the
tire deflections are not required. The controller has good property that we can specify a location where the ride comfort
becomes best. To achieve this end, an estimator for the tire deflections and the road disturbances is proposed. Next, a
combined ideal vehicle is designed. In the ideal vehicle, the location where ride comfort becomes best can be moved
by setting only one design parameter. Finally, to force the real vehicle track the motion of the combined ideal vehicle, a
robust tracking controller is designed.
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I. INTRODUCTION

Recently, in order to achieve good ride and good han-
dling qualities, a large amount of control schemes using
active suspensions have been proposed in [1]-[10]. In the
case of realizing the best ride comfort at every location
on a vehicle body, it must be required that the vertical
acceleration and the angular acceleration of the vehicle
body must be controlled so as to be zero. Then, some se-
rious problems arise. For example, the suspension stroke
may over an admitted range and the handling qualities
may become worse. Therefore, in conventional schemes
[1]-[10], the active suspensions 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 becomes best at only one specified lo-
cation on the vehicle body. In case when the specified
location has to be moved, the conventional active suspen-
sion controllers require a trial and error method, and then,
too much time is spent to redesign an active suspension
controller.

To struggle with the problem stated above, the au-
thors have proposed schemes[11]−[13]. In vehicle sys-
tems using the active suspension controllers proposed in
[11]-[13], there exist good properties as follows: 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 a different suspen-
sion controller. However, in the proposed schemes [11]-
[13], it is assumed that the tire deflections can be mea-
sured. Since the road surfaces are uneven, using non-
contact sensors such as laser position sensors, it is diffi-
cult to measure the tire deflections with high accuracy.

In this paper, to overcome the problem stated above,
a robust ride comfort control scheme is proposed. In the
proposed controller, active suspensions are used as ac-
tuators and the measurements of tire deflections are not
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Fig. 1. Two wheels model.

required. To realize good ride comfort without using the
measurements of the tire deflections, we propose estima-
tion methods for the tire deflections and the accelerations
of road disturbances. The road disturbances imply the
displacement of road surfaces. Using the estimate of the
accelerations of road disturbances, we can design a com-
bined ideal vehicle proposed in [13], and then, a robust
tracking controller can be also designed so that the real
vehicle track the motion of the combined ideal vehicle.
At last, numerical simulations are carried out to demon-
strate of the proposed robust active suspension controller.

II. VEHICLE MODEL

The two wheels model is shown in Fig. 1. The expla-
nation of parameters is shown in Table 1. It is assumed
that the pitching angleθ(t) is small, and then, the dy-
namic equation of vehicles is given as follows[7].

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−1HTf(t)
f(t) = [ff (t), fr(t)]T

= ¡Cẋs(t) ¡Kxs(t) + u(t)




(1)
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Table1 Notation of vehicle model.
C,CG center and 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

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

M = (TTh )−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 vertical acceleration at any
specified locatioǹ on the vehicle body can be reduced
to a small value easily. To meet the objective, the follow-
ing assumptions are made for actual vehicles considered
here.
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) and its velocityẋs(t)
are 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. ESTIMATE OF STATE VARIBLES AND ROAD
DISTURBANCE

Fig. 2 shows the configuration of the vehicle system
proposed in [13]. 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 parame-
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Fig. 2 Configuration of active suspension control system.

ter without redesigning the combined ideal vehicle. If the
real vehicle can track the motion of the designed com-
bined ideal vehicle, the control objective can be achieved.
The tracking controller in Fig. 2 is designed so that the
real vehicle can track the motion of the combined ideal
vehicle. To achieve control objective, the signals of road
disturbancëw(t) and state variablesxz(t), ẋz(t), xu(t),
ẋu(t) d(t) are required. According to assumptions, 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)

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

p1(t) = K−1
u

µ
ẍs(t) ¡ (Hd(t) +M−1

u f(t))
¶

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




(4)

Since the signalẋs(t) is available, if an estimator
for ẋz(t) is developed, then, the signalẋu(t) becomes
also available. Therefore, we will develop an estima-
tor for ẋz(t) and ẅ(t). Let’s consider the new state
η(t) = [Hẋz(t))T , ẅ(t)T ]T . Then, we have

η̇(t) = Aηη(t) + qw(t)

Aη=
[
O2 ¡I2
O2 O2

]
, qw(t)=[0 0 (w(t)(3))T ]T


(5)

whereOn, In denoten£n zero matrix andn£n unit ma-
trix. Based on the relation (5), the estimator for the state
η(t) is proposed as

η̂(t) = (2αCη ¡ 3α2Bη)p2(t) + ζ(t)
ζ̇(t) = Aηη̂(t) ¡ (2αCη ¡ 3α2Bη)CTη η̂(t)
ζ(0) = ¡(2αCη ¡ 3α2Bη)p2(0)
Bη = [O2 I2]T , Cη = [I2 O2]T




(6)

whereα is a positive deign parameter introduced to im-
prove performance of the proposed estimator. Defending
the estimated error̃η(t) as

η̃(t) =
[
I2 O2

O2 α−1I2

]
(η(t) ¡ η̂(t)), (7)

and differentiating the first equation in (6), we obtain the
following the error equation.

˙̃η(t) = αAEη̃(t)+α−1qw(t), AE=
[¡2I2 ¡I2

3I2 O2

]
(8)
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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

For the proposed estimator, the following theorem holds
Theorem 1: For estimated errorsCTη η̃(t) andαBTη η̃(t),
there exist bounded positive constantsρEi, i = 1, 2 in-
dependent of the design parameterα such that

‖CTη η̃(t)|2 ≤ ρE1α
−4, ‖αBTη η̃(t)‖2 ≤ ρE2α

−2.(9)

Proof of Theorem1: Since the system matrixAE is
asymptotically stable, Lyapnov equation

ATEP + PAE = ¡2I4 (10)

has the positive definite matrix solutionP . Then,
differentiating the positive definite functionV (t) =
η̃(t)TP η̃(t), we have

V̇ (t) ≤ ¡ α

λmax[P ]
V (t) + α−3ρw (11)

whereρw is a positive constant value independent of the
design parameterα. Using the relation above, the in-
equalities in (9) can be derived.

It can be concluded from theorem 1 that estimated er-
rors decrease as the design parameterα increases. In case
when the design parameterα is set to be large enough,
we can obtain the signals̈w(t) andHẋz(t) with enough
accuracy. Then, the signalHẋz(t) ¡ ẋs(t) = ẋu(t) be-
comes also available.

To demonstrate of the usefulness of the proposed es-
timator, numerical simulations are carrying out. Values
of vehicle parameters are shown in Table 2. The vehicle
velocity is set asv = 100 £ 1000/3600[m/s]. Fig. 3
(a) shows the road disturbancewf (t) = wr(t¡ L), L =
2a/v and Fig. 3 (b) shows the disturbancewnd1(t) added
to the measurement ofcTd(t), c = [1, 0]T . It is assumed
that the disturbancewnd1(t) appears due to measurement
accuracy of acceleration sensors and the maximum mea-
surement error is0.1m/s2.

At first, in case of using measurements without dis-
turbances, we show responses of the velocityyz(t) =
cTCηη(t), the road disturbanceyw(t) = cTBηη(t),
the estimated errors̃yz(t) = cTCηη̃(t) and ỹw(t) =
αcTBηη̃(t) in Fig. 4. As shown in Fig. 4, the esti-
mated errors become small as the design parameterα in-
creases. Next, in the case of using measurements with
disturbances, we show responses of the estimated errors
ỹz(t) andỹw(t) in Fig. 5. In this case, the design param-
eterα is set asα = 2000 and similar disturbances shown
in Fig. 3 (b) are added in all measurements of accelera-
tion sensors and force sensors. As shown in Fig. 5, also
in the case of using measurements with disturbances, it is
seen that estimated errors do not become large and avail-
able estimated signals can be obtained.
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Fig. 3 Road disturbancewf (t) and disturbancewnd1(t)
added to measurementcTd.
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IV. TRACKING CONTROLLER

Fig. 6 shows the vehicle system using estimates pro-
posed in the previous section. The stability and good
tracking performance of the vehicle system can be shown
by using the similar manner stated in [13].

V. NUMERICAL SIMULATION RESULTS

The numerical simulation results are shown to confirm
usefulness of the proposed robust active suspension con-
troller. The values shown in Table 2 are used as nominal
values for vehicle parameters, and the vehicle velocity is
set asv = 100£1000/3600m/s. The combined ideal ve-
hicle designed in [13] is used. The design parameters are
set asα = 2000, γ = 100. The design parameterγ is the
feed back gain introduced in [13] to force the actual ve-
hicle track the motion of the combined ideal vehicle. Fig.
7 shows the maximum gain curves of the nominal vehicle
controlled so that the real vehicle can track the motion of
the combined ideal vehicle. The thin lines show the max-
imum gain curves of the controlled nominal vehicle, the
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Fig. 6 Configuration of the vehicle system using esti-
mates.
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thick lines show the maximum gain curves of the com-
bined ideal vehicle, and the dashed lines show the nom-
inal vehicle without control. It is seen from Fig. 7 that
the maximum gain curves are mostly same between the
combined ideal vehicle and the controlled nominal vehi-
cle. It is also seen that the location where the ride comfort
becomes best can be easily moved by setting only one de-
sign parameter̀p. The design parameter`p is introduce
to move the location where the ride comfort becomes best
in the combined vehicle model proposed in [13].

Fig. 8 shows the maximum gain curves of the con-
trolled vehicle with the parameter uncertainties(K,C) =
(K,C), (0.8K, 0.8C), (1.2K, 1.2C). The thick lines
show the maximum gain curves of the controlled nom-
inal vehicles, and the thin lines show the maximum gain
curves of the controlled vehicle with parameter uncertain-
ties. There is no difference for variations ofK,C.

Fig. 9 shows the maximum gain curves of the con-
trolled vehicle with the parameter uncertainties(m, ic, h)

= (m, ic, h), (0.8m, 0.8ic, h + 0.3), (1.2m, 1.2ic, h +
0.3). The thick lines, dashed lines, and thin lines
show the each results with the parameter(m, ic, h) =
(m, ic, h), (0.8m, 0.8ic, h+ 0.3), (1.2m, 1.2ic, h+ 0.3).
It can be seen that some differences appear between the
controlled vehicle with uncertainties and the controlled
nominal vehicle but small enough.

VI. 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 parameter`p.
It has been shown by carrying out numerical simulations
that ride comfort becomes best at the specified location
even if there are uncertainties in the suspension stiffness
kf , kr, damping ratecf , cr, the sprung mass and the mo-
ment of inertiam, ic and the distanceh from C to CG.
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