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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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[. 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 schemé§ [131. 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 angle (¢) is small, and then, the dy-
namic equation of vehicles is given as folloWis

&.(t)=d(t) H lw(t)
By (t) = Kymy(t) M, 'f(t) w(t)
x.(t)=H '[z(t) wr(t) z(t) w(t)]"
x,(t) = [ZUf(t) wf(t) Zur (t) wr(t)]T 1)
dit)=M *HTf(t)
f@&) =1f0) fr"

= Cz,(t) Kzxg(t)+u(t)
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Tablel Notation of vehicle model.

C CG center and center of gravity of vehicle body

Zeg vertical displacement &G and pitching

2§ Zp vertical displacement of vehicle body at
positions on front and rear wheel axle

zZuf Zur  Vertical displacement of front and rear un-
sprung mass

wy w,  vertical displacement of road disturbance
added to front and rear wheel

v longitudinal velocity of vehicle

m i, sprung mass and moment of inertia of ve-
hicle body

a half of vehicle body length

h distances front to CG and fromC to P

My s My, frontand rear unsprung mass

kf ky front and rear suspension stiffness

cr cr front and rear suspension damping rate

kus kyr frontand rear tire spring stiffness

fr fr front and rear force added to sprung mass

Up Uy front and rear active suspension control

force

xs(t) = Hx,(t) a,(¢)

wlt) = [ug (1) wr ()] w(t) = [wp@) wr(0)]"
M = (TF) ‘diag[m i.T), *

M, = diag[my, s my,] K = diaglks k]

C = diagley ¢] K, = M, 'diagkys kur]

1 a 0 1
Ty=1> DhH[1 a]D{O 0}

The control objective is to develop an active suspen-
sion controller so that the vertical acceleration at any
specified locatiort 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.

Al The acceleration$;(t), 2-(t), Z.s(t) andz,.(t) are
measured.

A2 The forcef (t) = [ff(t) f-(t)]" added to the sprung
mass are measured.

A3 Suspension displacemenf(¢) and its velocity: s ()

are measured.

A4 Vehicle parameters are known except for the length
a, the front and the rear tire stiffness; k., and the tire
massmy s M-

A5 The second and third derivation of the road distur-
bancew(t) are bounded.

(2)

lll. 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
disturbancei(t) and state variables. (t), . (t), x.(t),

@, (t) d(t) are required. According to assumptions, it can

be seen that the following signals are available.

ii’s(t) = [zf(t) 2r(t)]T

Hd(t) = [Z(t) 2(1)]"
Moreover, it is easy from (1), (2) to ascertain that the
following signals are also available.

pi(t) =K, &(t)
=z (1)
po(t) = s(t) + py (1) = He. (1)
Since the signale,(¢) is available, if an estimator
for &.(t) is developed, then, the signal,(¢) becomes
also available. Therefore, we will develop an estima-

tor for &.(¢t) and w(¢). Let's consider the new state
n(t) = [Hx,(t))T w(t)T]T. Then, we have

n(t) = A n(t) + q,,(t)

| 02 Iy _ (3)\T1T
A= o] au=no e
whereO,, I,, denoten n zero matrix anch n unit ma-
trix. Based on the relation (5), the estimator for the state
n(t) is proposed as

) 5007

(Hd(t) + M, ' f(t))
(4)

(5)

nt)=(2 C 3 *B)p,(t) +<(t)
(n=An@) (2C 32B)CTa0 |
C0)= (2 C 3 2B )p,(0)
B - [02 IQ]T C == [IQ 02]T

where is a positive deign parameter introduced to im-

prove performance of the proposed estimator. Defending
the estimated erray(t) as

0= g %m0 a0

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

Apii(t)+ 'gu(t) Ap= [

n(t) 2L

31

I
o]
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Table2 Nominal values of parameters. [l m/s’]
m 781 kg le 990 kgm?
h 0.04 m a 1.38 m
ky 27160 N/m k, 29420 N/m
cf 4000 Ns/m ¢, 2500 Ns/m
Mo f 69 kg Mar 96 kg o1 = o 1 2
kyy 229000 N/m  k,. 255000 N/m @w® bYW

Fig. 3 Road disturbance(t) and disturbance,, (t)
added to measurement d.

For the proposed estimator, the following theorem holds
Theorem 1: For estimated error§77(¢t) and BT7(t), g™ 0.210°Im)
there exist bounded positive constants ¢ = 1 2 in- i
dependent of the design parametesuch that

ICTaOP <m0 * Il BTa@OI? < g 2.9)

Proof of Theoreml: Since the system matridg is Py I
asymptotically stable, Lyapnov equation @ v, ® 7,0
ALP+ PAp = 2I, (10) s 0.4m51

has the positive definite matrix solutio”. Then,
differentiating the positive definite functiofy'(t) =
n(t)T Pn(t), we have

V(t) < ——=V(t 5w 11 [ ‘ ‘

( ) — e [P] ( ) + ( ) -~ 1 2[5]—0. } %]
where ,, is a positive constant value independent of the Fia. 4. R @0 (b)ywa;~ ~
design parameter. Using the relation above, the in- ig. 4. Responses gt (t), yu (t) andy: (t), yu (¢)-
equalities in (9) can be derived. 10°(mis] 0.4me

It can be concluded from theorem 1 that estimated er- il

rors decrease as the design parametecreases. In case
when the design parameteris set to be large enough,

we can obtain the signat(t) and Hx . (¢t) with enough -1
accuracy. Then, the signélz.(t) @s(t) = @, (t) be- 0 1 =709 1 o
comes also available. @%.0 (B
To demonstrate of the usefulness of the proposed es- Fig. 5 Responses af.(t), y.,(t) in the presence of mea-
timator, numerical simulations are carrying out. Values surement disturbances.

of vehicle parameters are shown in Table 2. The vehicle
velocity is set az» = 100  1000/3600[m/s]. Fig. 3
(a) shows the road disturbaneg (t) = w,.(t L) L= IV. TRACKING CONTROLLER

2a/v and Fig. 3 (b) shows the disturba?@gd_l (t) added Fig. 6 shows the vehicle system using estimates pro-
tothe measurementef d(t) c¢=[1 0]". Itisassumed  posed in the previous section. The stability and good

that the disturbance;,q; (¢) appears due to measurement  tracking performance of the vehicle system can be shown
accuracy of acceleration sensors and the maximum mea- py ysing the similar manner stated in [13].

surement error i8.1m/s2.

At first, in case of using measurements without dis- V. NUMERICAL SIMULATION RESULTS
turbances, we show responses of the velogit{t) =
c’'C n(t), the road disturbance,(t) = c¢'B n(t), The numerical simulation results are shown to confirm
the estimated errorg.(t) = ¢'C 7(t) and 7, (t) = usefulness of the proposed robust active suspension con-
¢ B n(t) in Fig. 4. As shown in Fig. 4, the esti- troller. The values shown in Table 2 are used as nominal
mated errors become small as the design paramater values for vehicle parameters, and the vehicle velocity is

creases. Next, in the case of using measurements with setas = 100 1000/3600m/s. The combined ideal ve-
disturbances, we show responses of the estimated errors hicle designed in [13] is used. The design parameters are
U (t) andy,,(t) in Fig. 5. In this case, the design param- setas = 2000 - = 100. The design parametstris the

eter issetas = 2000 and similar disturbances shown feed back gain introduced in [13] to force the actual ve-
in Fig. 3 (b) are added in all measurements of accelera- hicle track the motion of the combined ideal vehicle. Fig.
tion sensors and force sensors. As shown in Fig. 5, also 7 shows the maximum gain curves of the nominal vehicle
in the case of using measurements with disturbances, it is controlled so that the real vehicle can track the motion of
seen that estimated errors do not become large and avail- the combined ideal vehicle. The thin lines show the max-
able estimated signals can be obtained. 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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Fig. 7 Maximum gain curves of the controlled nominal
vehicle.
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Fig. 8. Maximum gain curves for variations &f C.
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Fig. 9. Maximum gain curves for variations &1.
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thick lines show the maximum gain curves of the com-

bined ideal vehicle, and the dashed lines show the nom- (8]

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. Itis also seen that the location where the ride comfort

becomes best can be easily moved by setting only one de-

sign parametef,. The design parametéy, 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 uncertaintiés 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 &f C.

Fig. 9 shows the maximum gain curves of the con-
trolled vehicle with the parameter uncertainties i. h)
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= (m i. h) (0.8m 0.8i. h + 0.3) (1.2m 1.2i. h +
0.3). The thick lines, dashed lines, and thin lines
show the each results with the parameteri. h)
(m i. h) (0.8m 0.8i. h+0.3) (1.2m 1.2i. 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 paraméter
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
k¢, k., damping ratey, c,, the sprung mass and the mo-
ment of inertiam 4. and the distanceé from C to CG.
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