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(57) Abstract: A suspension control system includes a sus-
pension device (2) that connects a sprung member (5) and an
unsprung member (6) of a vehicle, an actuator (3) operable to
adjust frictional force along a stroke direction of the suspen-
sion device (2), and a control device (4) configured to control
the, actuator (3), based on a velocity direction of the sprung
member (5) parallel to the stroke direction of the suspension
device (2), and a stroke velocity direction of the suspension
device (2), so as to adjust suspension frictional force as the
frictional force along the stroke direction of the suspension
device (2). The control device (4) is contigured to adjust a
magnitude of the suspension frictional force, so that it be-
comes substantially equal to a required frictional force de-
termined based on a value obtained by exponentiating the ve-
locity of the sprung member (5), and a value obtained by ex-
ponentiating the stroke velocity of the suspension device (2).
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SUSPENSION CONTROL SYSTEM AND METHOD OF CONTROLLING
SUSPENSION DEVICE

BACKGROUND OF THE INVENTION

| 1. Field of the Invention

[0001] The invention relates to a suspension control system, and a method of

- )

controlling a suspension device.

2. Description of Related Art

[0002] As a known suspension control system installed on a Vehiéle, a hydraulic
damper is described in, for example, Japanese Patent Ap}‘)lication' PuBlication No.
10-14.141_5 (JP 10-141415 A). In the hydraulic damper, a pis;[on that is in sliding contact
with an iﬁner ciféumferenﬁal surface of é cylinder is mounted on one end of a piston rod,
and the other ‘énd of the piston rod is guided to extend‘to the _outside, via a rod guide and an
oﬂ seal provided on the cylinder side. Also in' the hydraulic -damper, a bushmg is
lpr0v1ded in a space between the rod guide and the oil seal, such that a certain friction arises
between the bushmg and the plston rod when the piston velocity is a very low velocity.

[0003] The hydrauhc damper of the vehicle as described in JP 10-141415 A is

constructed as described above in order to suppress minute vibration that occurs after large

“vibration occurs during running of the vehicle on a bad road; nonetheless, thére is still

room for further improvement in terms of suppression of vibration, for example.

SUMMARY OF THE INVENTION

[0004] The invention provides a suspensionv control system that is able to

appropriately suppréss vibration, and a method of controlling a suspension device.
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[0005] A suspension control system according to a first aspect’ of the invention

includes a suspension device that connects a sprung member of a vehicle with an unsprung

member of the vehicle, an actuator operable to adjust frictional force along a stroke

direction of the suspension device, and a control device configured to control the actuator,

based on a velocity direction of the sprung member parallel to the stroke direction of the

. suspension device, and a-stroke velocity direction of the suspension device, so as to adjust

suspension frictional force as the frictional force along the stroke direction of the

suspension device. The control device .is configured to adjust a magnitude of the

suspension frictional force, so that the suspension frictional force becomes substantially -

equal to a required frictional force determined based on a value obtained 'by exponentiating
the velocity of the sprung member, and a value obtained by exponentiating the stroke
velocity of the suspension device. |

| [0006] In the suspension control system as described above, an exponent of the
value' obtained by exponentiating the velocity of the sprung member may be larger than an
exponent of the value obtained by exponentiating the sfroke velocity of the suspension
device.

[0007] In the suepension control system as described above, the control device

-may set the requ1red frictional force, based on the velocity of the sprung member from

which a predetermmed hlgh -frequency component is removed and the stroke velocity of
the suspension device from which a predetermined hlgh-frequency component is removed.
[0008] " In the suspension control system as described above, the contrel device
may set the reqoired frictionafl so that the required frictional force in the case where the
velocity direction of the sprung ‘member is the same as the stroke velocity direction of tﬁe
suspension device become larger than the required vfrictional force in the case where the

velocity direction of the sprung member is different from the stroke velocity direction of

' the suspension device.

[0009] A method of controlling a suspension devi_ce that connects a sprung |

member of a vehicle with an unsprung member of the vehicle, according to a second aspect

- of the invention, includes adjusting suspension frictional force as frictional force along a

:
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stroke direction of the suspension device, based on a velocity direction of the sprung
member parallel to the streke direction of the suspension device, and a stroke velocity
direction of the suspension device.. When the suspensron frictional force is adjusted, a
magnitude of the suspension frictional force is adjusted so that the suspension fri’ctional
force becomes substantlally equal to a requlred frrctlonal force determined based on a
value obtarned by exponentlatmg the veloc1ty of the sprung member, and a value obtained
by exponentiating the stroke velocity of the suspension device. |

[0010] = With the suspension control system and control.method as described above,

vibration can be appropriately suppressed.

BRIEF DESCRIPTION OF THE DRAWINGS

[o011) Feétures, advantages, and technical and industrial significance of

'eXemplary. embodiments of the invention will be described below with reference to the

aceompanying drawings, in which like numerals denote like elements, and wherein:
FIG. 1 is a schematic view showing the schematic configuration of e suspension
control system according to one embodiment of the invention; |
| FIG. 2 is a diagram usefull for explaining the control logic of frictional force confrol
performed by the suspension control system according to the embodiment;

. FIG. 3 is a flowchart illustrating one example of corrtrol for setting required frictional
force, which control is performed by the suspensioﬁ control system according to the
embodiment;

| FIG. 4 is a flowchart 111ustrat1ng one example of frictional force control performed by
the suspension control system accordlng to the embodlment

FIG Sisa graph showing one example of time responses of the sprung mass velocity
and the stroke velocity_;

FIG. 6 is a graph showing one example of the operation of the suspension control

~system according to the embodiment;
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FIG 7 is a graph showing one example of the operation of a suspenswn control
system according to d comparative example |

FIG. 8A - FIG. 8D are graphs useful for comparing one example of the operation of
the suspension contrOIFS}IIstem accbrding to the embodiment with that of the Suspension
control system according to the comparative example;

FIG. 9 is a graph shdwing one example of sprung mass vibration when frictional force
control is performed by the suspension control system according to the.embodiment; and

FIG. 10 is a graph showing one éxample of sptung mass vibration when frictional

force control is performed by the suspension control system according to the embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0012] One embodiment of the invention will be described in detail with

reference. to the drawings. It is, 'however,. to be _understoOd that this invention is not

~ limited to this embodiment. Also, constituent elements of the following embodiment

include those that can be easily replaced with the convstituent elements by a person with
ordinary skill in the art, or those‘ that are substantially identical ‘with the constituent
elements. \ » ‘

[0013] FIG. 1 is a schematic view showing the schematic configuration of a
suspensmn control system according to one embodlment -of the invention, and FIG. 2 is a
dlagram useful for explalmng the control logic of frictional force control performed by the
\suspénsion control system according to the embodiment. FIG. 3 is a flowchart illustrating
one example of control for setting required frictional force, which control is performed by
the suspension control system according to the embodiment. FIG. 4 is a flowchart
illustrating one exémple of frictional force control performed by the suspensioh control
system according to the embodiment. FIG. 5 is a graph showing one example of time
responses of the sprung mass velocity and the stroke velocity.  FIG. 6 is a graph showing

one éx‘ample of the operation of the suspension control system according to the .
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embodiment. FIG. 7 is a graph showing one example of the operation of a suspension

~ control system according to a comparative example. FIG. 8A — FIG. 8D are graphs useful

for comparing one example of the operation of the suspension control system according to
the embodiment with that of the suspension control system accordrng to the comparative
-example. FIG 9 and FIG. 10 are ‘graphs showing one example of sprung mass vibration
when frictional force control is performed by the suspension control system according to
the embodiment.

[0014] FIG. 1 represents. a single-wheel model of a damping control system
according to the‘embodiment of the invention. The single-wheel medel shown in FIG. 1
is a kinetic model of a vehicle including a suspension device. In FIG. 1, “c,” represents

the ‘datmping coefﬁeient of a damping mechanism 8 which will be described later. “F.”

' represents the suspensron frictional force generated in a sliding portion 9 whlch W111 be

described later. “kS represents the modulus of elasticity of a spring mechanism 7 Wthh
will be described later. “k,” represents the stiffness (spring constant) of a wheel 50.
mb represents the mass (which may be called “sprung mass”) of a sprung member 5
which will be descrlbed later. “m” represents the mass (which may be called “unsprung
mass”) of an unsprung member 6 which w111 be descrlbed later. “x,” represents the

displacement (which may be called “sprung mass dlsplacement”) of the sprung member 5.

“Xw” represents the dlsplacement (which may be called “unsprung mass displacement”) of

(13 kb

* the unsprung member 6. X, represents the displacement (which may be called “road

surface displacement™) of a road surface R. Here, “displacement” is a displacement of an

object relative to its reference position as measured in the up-and-down direction of the

vehicle, for example, a displac_ement measured in the vertical direction. The amount of
movement of the suspension device 2 in the axial direction as described later may also be
referred to as “displacement”. | | o

[0015] tn the suspension control system 1 according to this embodiment as.shown
in FIG. 1, the suspension device 2, which corresponds to each of ‘four wheets_ 50 of the
vehicle, is provided for supporting the wheel 50 on the vehicle body of the vehicle. The

suspension control system 1 includes the suspension device 2, actuator 3, and an ECU 4 as
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a control device. In the suspension control system 1, one sﬁspension device 2‘an'd 6né
actuatorv 3 are provided for each of the four wheels 50, and one ECU 4 is provided for the
four wheels 50 (i.e.; the four wheels 50 share a common ECU“ 4). In the following, the
suspension device 2 and the actuator 3 for one of the four wheels 50 will be explained.
. [0016] The suspension device 2 is provided between the sprung member 5 and
unsprung member 6 of the vehicle, for connecting the spfﬁng mémber 5 with the unsprung

member 6. Thesprung member 5 is a member supported by the suspension device 2, and

‘includes the vehicle bddy. The ﬁnsprung member 6 is a member located closer to the

wheel 50 than the suspension device 2, and includes a knuckle coupled to the wheel 50, a
lower arm coupled to the knuckle, and so forth. .

[0017] The suspehsion device 2 has a spring mechanism 7, and a damping
mechanism 8. The spring mechanism 7 and the damping mechanism 8 are arranged in
parallel with each other. a |

'.[0018] The sprlng mechamsm 7 connects the sprung member 5 with the unsprung -
member 6, and produces sprmg force commensurate with a relative d1sp1acement between
the sprung member/S and the unsprung member 6, so as to apply the spring force to the
sprung member 5 a/nd the unspfung member 6. The spﬁng mecha_nism 7 produces the
spring force, by means of a coil spriﬁg_ 7a mounted on a piston rod 8c of the démping
mechanism 8 which will be described la‘per, Or an air suspension meéhanism (not shown),
for example. The relativ¢ displacement between the sprung member 5 and the unsprurig
me‘mber‘ 6 is a relative displacement in a direction in which the sprung member 5 and the
unsprung member 6 come closér to eéch other or get away frofn each other in the stroke
direction of the sﬁspension device 2 (which may be called “suspension stroke direction”).
While the suspeflsion stroke direction is illustrated herein as a diréction parallel to the
vertical directior‘l,, the suspension stroke direction may be inclined by a given angle from
the vertical direction. The spring mechanism 7 may be constructed such that its elastic
modulus kg, or spring force; can be variably controlled. |

[0019] The damping mechanism 8 connects ‘the sprung member 5 with the

uhsprung member 6, and produces damping force for damping or attenuating relative
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movement between the sprung member 5 and ‘the unsprung member 6. The relative

movement between the sprung member 5 and the unsprung member 6 takes place in a

direction in which the sprung member 5 and the unsprung member 6 come closer to each
other or get away from each other in the suspension stroke direction The damping
mechanlsm 8 produces damping force commensurate with the relative Velocuy between the
sprung member 5 and the unsprung member 6 during the relative movement, so as to damp
or attenuate tbe relative movement. For example, a shock absorber is used as the
damping mechanism 8. The shock absorber may 1nclude for example a cylinder 8a that
is connected to one of the sprung member 5 and the unsprung member 6 and contains a
working ﬂu1d and a piston rod 8c connected to the other of the sprung member 5 and the
unsprung member 6. The plSth’l rod 8¢ has a piston portion 8b. that reciprocates within
the cylinder 8a. -in the suspension device 2, the cylinder 8a and the piston rod 8¢ move
relative to each other to make strokes, for relatlve displacement between the sprung
member 5 and the unsprung member 6. In other words, the suspensionstroke direction -is_
a d1rect10n in which the cylinder 8a and the piston rod 8c move relative to eacb other,
typically, a directidn in which the sprung' member 5 and the unsprung member 6 m‘ove
relative to each other. The damping mechanism 8 may be constructed such that its
damping coefficient ¢, or damping force, can be variabiy controlled. In this case, a shock

absorber whose ‘damping' coefficient ¢ can be variably controlled may be used as the

, damping mechanism 8.  As a mechanism that variably controls the damping coefficient c,

a device operable to rotate a rotary valve of the piston portion 8b so as to vary the flow
passage area of an oil passage' that communicates an upper chamber of the piston with a
lower chamber thereof may be employed. It is, however, to be understoyod that the
damping mechanism‘S is not limited to this arrangement, but a damping mechanism

constructed otherwise may be used, or the damping mechanism 8 may be constructed such

| that its damping coefficient ¢, cannot be variably controlled.

[0020] The actuator 3 :is able to adjust frictional force (which may be called

“suspension frictional force™) generated along the stroke direction of the suspension device

2.
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[0021]  Here, the suspension frictional force F. is frictional force that acts on the

‘sliding portion 9 of .the suspension device 2. The sliding portion-9 of the suspension.

device 2 1s a portlon of the suspenswn device 2 Wthh shdes in accordance with strokes
thereof, and may 1nclude for example a slldmg region between the piston rod 8¢ and
cylinder 8a of the damping mechanism 8 (shock absorber), a shdmg region of a seal
member provided between the piston rod 8¢ and the cylinder 8a, and so lforth. Namely,
the suspension frictional force F; is frictional force generated along the stroke direction in
the sliding portion 9 in accordance with strokes of the suspension device 2.

[0022] The actuator 3 is arranged to be able to variably control (change) the

suspension frictional force F, generated in the sliding portion 9. For example, various

devices, such as a»device-that can vary the fastening force of the seal member that provides
the sliding. portion 9, by means of a piezoelectric element, or the like, and a device that can
vary the force w1th which one of the piston rod 8c and the cylinder 8a is pressed against the
other, may be used It is, however, to be understood that the actuator 3 is not limited to
the above arrangements but may be constructed otherwise so as to be able to adjust the
suspension frrctronal force F..

[0023]  The ECU 4 controls the actuator 3, so as to adjust the s‘uspension frictional

' force Fc.' In this embodiment, the ECU 4 is configured to control each portion of the

_vehiele on which the suspension control system 1 is installed. The ECU 4 is an electronic
control unit that consists principally of a known microcornputer including CPU, ROM,
RAM, and an interface. For example, various sensors, such as a sprung mass acceleration
senisor 10 as a sprung mass acceleration detector, an nnspmng mass acceleratien sensor 11
as an unsprung mass acceleration detector, and a’steering a_ngle sensor 12 as a steering .
angle detector, and each portion of the vehicle on which the suspension control system 1 is
1nstalled are electrrcally connected to the ECU 4. The sprung mass acceleratron sensor

10 is placed on the sprung member 5., The sprung mass acceleration sensor 10 is operable

‘to detect the acceleration (which may be called “sprung mass acceleration™) of the sprung

member 5 in the suspension stroke direction, typically, in the vertical direction of the

sprung member 5. The unsprung mass acceleration sensor 11 is placed on-the unsprung
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member 6. The unsprung mass .acéeleration sensor 11 is operable to detect the
acceleration (which may be called “unsprung mass ‘acceleration”) of the ﬁnsprting member
6 in the suspension stroke direction, typically, in the vertical direction of the ﬁnspmng
member 6. The steering angle sensor 12 detects the steering angle of the vehicle on-
which the suspension control system 1 is installed, more speciﬁcélly, the steering éhgle of
the steering wheel as the amount of operafion of the steering wheel. The ECU 4 receives
electric sig‘nals. (detection signals) correépondfng to the detection results from various “
sensors, and outputs drive signals to respective portions of the vehicle on which the .
éusp‘ension control syste;ﬁ lis instélled, according to the received detecﬁon results, so as
to control driving fhereof | _ ‘ |

[0024] Here, the force generated by the damping mechanism (shock absorber) 8
will be described, with regard to the case.where the stroke velocity of the suspension
device 2 is within av'very low veloéity region whére the stroke velocity is very low, such as |
when the vehicle runs on a good road where the road surface R has a relatively small
number of 1rregular1tles. The stroke ve1001ty of the suspensmn dev1ce 2 corresponds to |
the velocity of expansion and contraction of the suspension dewce 2 (the velocity of

relative displacement between the cyhnder 8a and the piston rod 8c). The very low

veloc1ty region is a velocity region in which an absolute value of the stroke velocity is

larger than Om/s and smaller than 0. 002m/s As one example, the force (total axial force)

- generated by the damping mechanism 8 when vibration having a very small amplifude of

~about 0.2mm is applied at a frequency of about 1.5Hz (when the stroke velocity is a very

low velocity less than 0.002m/s) will be described.

[0025] As the suspension device 2 vibrates in the vertical direction, friction

“occurs to the sliding portion 9. When the stroke v'elocity is within a very low velocity

region, the force generated by. the damping mechanism 8 of the suspension device 2
constructed as described above consists mainly of coulomb friction force that provides the
suspensiori'frictional force Fc, and elastic (viscoelastic) friction force, and is hardly
influenced by the very-low-velocit_y damping force of the damping mechanism 8. Here,

the coulomb friction force is typically static friction force that appears in the sliding
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portion 9, and the elastic (viscoelastic) friction force is typically dynamic friction force that .
appears in the seal member, or the like, of the sliding portion 9 at the start of strokes.
[0026] In the suspension control system 1, it was found that, in the very low
velocity - region of the stroke velocity as .described above, there is incompatibility as
described below, regarding the ride perfdrmance or ride quality depending on the

relationship between the frequency of the road surface input (i.e., vibration) applied to the

. suspension device 2 and the suspension frictional force F.. Namely, if the suspension

control system 1 sets the suspension frictional force Fe that appears in the sliding portion 9
to relatively small frictional force, in an attempt to improve the ride performance against .
the road surface input of a middle frequency region (which may be called
mrddle -frequency vibration™) applied to the suspension device 2, the ride performance
against the road surface input of a low frequency region (which may be called
“low-frequency vibration™) deteriorates, and tends to give a “floaty” feeling to a paSsenger.
On the other hand, if the suspension control system 1 sets the ‘sus;')ension frictional force F,
that appears ‘in the sliding portion 9 to relatively large frictional force, in an attempt to
improve the ride performance against the ldw-frequency -vibratioh, for example, the ride
performanee againét the middle-frequency vibration deteriorates, and te.nds to give a
“rough” feeiing to a passenger. Therefore, it may not be possible to ‘make the ride
performance against the low-frequency vibration compatible with the ride p'erfonnarrce :
against the middle-frequency vibration, simply By'making the suspension frictionél force
F. relatively large, or making the suspension frictional force F, relatively small. 'The
above-indicated low-frequency region is, for example, a region that is higher than OHz and
lower than 1.5Hz.  On the other hand, the middle-frequency region is, for example, a.
region that is equal to or higher than 1.5Hz and equal to or lower than 8Hz.

[0027] Thus, in ‘the, suseension control systern 1 of this embodirnent; the ECU 4
performs frictional force control by controlling the actuator 3 according to conditions of ‘.
the: suspension device 2, and adjueting the suspension frictional force Fe, so as to make the
ride performance egainst the low-frequeney vibration compatible with the ride

performance against the middle-frequency vibration, and appropriately suppress sprung
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mass vibrations.

[0028] Mo‘re specifically, the ECU 4 performs frictional force control by
controlling the actuator 3 atnd adjusting the suspensi-on frictional force F¢, based on the
velocity direction of the sprung member 5 (which may be called “sprung mass velocity
direction”) pérallel to the suspension stroke riirection, and the stroke velocity direction of
the suspension device 2. In this manner, the ECU 4 changes friction eharacteristics of the
damping mechanism (shock absorberj 8 according to the conditions of the suspension
device 2. |

.

[0029] Here, the sprung mass velocity direction is the direction of a velocity

vector of the sprung ‘member 5, which is, typically, the upward vertical direction - (+

(positive)), or downward vertical direction (- (negative)). The stroke velocity direction is
the directrorr of a stroke velocity (velocity of expansion and contraction) vector of the
suspension device 2, which is,' typically, the upward vertical direction (expanding direction,
+ (positive)), or downward vertical dire‘cti‘on‘(centractingdirection, — (negative)).

[0030] The ECU 4 of this embodiment performs frictional force control, for
exalmple,. when the vehicle travels straight on a good road where the stroke velocity is

within a very low velocity region. In this embodlment the ECU 4 performs frictional

force control when the stroke veloc1ty of the suspension device 2 is within a very low

velocity region that is equal to or lower than a predetermined velocity set in advance, and
the steering angle of the vehlcle is equal-to or smaller than a predetermined angle set in
advance. With the frlctlonal force control thus performed, the ECU 4 improves the
vehicle performance when the stroke velocity is within the very low velocity region.
[0031] The ECU 4 may calculate the stroke ve1001ty of the suspension device 2 in
the following manner, for example. In the followmg explanation, “x’” represents first
order dlfferentlal and “x"” represents second order differential.' The ECU 4 calculates
the sprung mass velocxty Xp' by integrating the sprung mass acceleretion Xp" detected by
the sprung mass acceleration sensor 10. Alse,“ the ECU 4 calculates the unsprung mass

velocity x,' by integrating the unsprung mass acceleration Xw" detected by the unsprung

~ mass acceleration sensor 11. . Then, the ECU 4 calculates a difference between the sprung
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mass velocity x,' and the unsprung mass velocity xw, namely, the relative veloclty'
(xv'—xw") between the sprung member 5 and the unsprung member 6, based on the
calculated sprung mass velocity xp’ and unsprung mass ve10c1ty Xw!, and sets the relative
velocity (xp'—Xy') as the stroke velocity (expansion/contraction ve10c1ty) of the suspension

device 2. The ECU 4 may calculate the stroke velocity in another manner, for example,

* by differentiating the stroke dlsplacement (the amount of expansmn or contract1on) of the

suspension device 2, based on the detection result of a sensor that detects the stroke
displacement of the suspension device 2. Also, the ECU 4 may obtain the.steering angle
of the vehicle, based on the steering angle of the steering wheel detected by the steering
angle sensor 12. Further the above-indicated predetermined veloc1ty 1s set in advance

accordlng to stroke characterlstlcs etc. of the suspensmn device 2, based on on-vehicle
evaluation, for example. The predetermined velocity is set to a velocity at which the
stroke velocity can be detennined as being within a very low velocity region, typtcally, set

to a velocity, such as about 0.015m/s, which is hig‘her than Om/s and lower than 0.002m/s.

- Also, the predetermined angle is set in advance accordlng to straight-ahead running -

performance of the vehicle, steermg characterlstlcs etc., based on on- vehlcle evaluation,

for example. The predetermlned angle is set to an angle at which it can be dete'rmi'ned :

~ that the vehicle is running straight ahead and is set to, for example, about *5 degrees.

[0032] It was found that when the suspension device 2 as descrlbed above is

- subjected to low-frequency vibration (ﬁrst-frequency vibration), the sprung mass velocity

direction tends to be the same as the stroke velocity direction, since the vibration is applied
‘with a relatively lcng pericd. On the other hand, when the suspension device 2 is
subjected to middle-frequency vibration (second-freduency vibration) having a higher
frequency than the low-frequency vibration, the sprung mass velocity direction tends to be

different from the stroke velocity direction, since the vibration is applied with a relatively

- short period.

[0033] In view of the above finding, the ECU 4 controls the actuator 3 for control
of frictional force, so that the suspension frictional force F. in the case where the sprung

mass velocity direction is the same as the stroke velocity direction becomes larger than the
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suspension frictional force F, in thé case where the sprung mass velocity direction is
different from (opposite Ito) the stroke velocity direction.. Namely, the ECU 4 makes the
suspensiqn frictional force F relatively large when the s_prﬁng mass velocity direction is
the same as the stroke velocity direction, in other words, when low—f're(.]uericy.vibration 1S
presumed to’ be épplied to the suspension device 2. On the other hand, the ECU 4 makes
the suspension frictional force F, relatively small wheﬁ the sprung mass velocity direction
is different from the stroke velocity directiqn, in ofher words, when middle-frecjuency
vibration is presumed to be applied to the suspension device 2.
| [0034] In this erhbodiment_, an on-off control logic as shown in FIG. 2 is designed
for appropriately suppressing sprung mass vibration, and the ECU 4 performs’ frictional
force control bésed on the on-off control‘ logi_c. FIG.. 2 schematically illustrates the
suspension device 2, without illustrating the unsprung fnember 6, etc.

.[0035]' The ECU 4 makes the suspension frictional force F, relatively larée when
the relationship between the velocity directions is thatlir.l a condition (B) or a condition (D)
where the ride performance is required to be imprc;ved against low-frequency Vibration, ‘
némely, when the sprung mass velocity direction is the same as the stroke velocity
direction. In this case, in the condition (B) where the sprung mass velocity directioﬁ is
the upward direction (+), and the'stroke velocity direction is the expanding direction (+),
the ECU 4 confrols the actuator 3, so as to apply relatively large suspension frictional force-
F. downward as indicated by a black arrow in FIG. 2. In the condition (D) where the
sprung mass ;/elocity directioﬁ is the downward direction (=), and the stroke velocity
direction is the contracting direc?ion (-), the ECU 4 controls the actuator 3, so as to apply
relatively large suspension frictional force F; upward as indicated by a black arrbw in FIG.
2 o .

[6036] On the other hand, the ECU 4 makes the suspension fricﬁonal force F,

' relatively small when the relationship between the velocity directions is that in a condition

(A) or a condition (C) where the ride performance is required to be improved against

middle-frequency vibration, namely, when the sprung mass velocity direction is different

from (opposite to) the stroke velocity direction. In this case, in the condition (A) where
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" the sprung mass velocity direction is the upward direction (+), and the stroke velocity

direction'is the contractmg direction (=), the ECU 4 controls the actuator 3, 50 as to apply
relatively small suspension frictional force Fc upward as indicated by a black arrow in FIG.
2. In the condition (C) where the sprung mass velocity direction is the downward
direction (), and the stroke .velocity direction is the expanding direction (+), the ECU 4
controls the actuator 3,.so as to apply relatively -small suspenswn frlctional force F.
downward as indicated by a black arrow in FIG. 2.

[0037] Then, the ECU 4 of this embodiment adjusts the: magnitude of the
suspension frictlonal force Fe, so that it becomes substantially equal to the required
frictional force determmed based on a value obtained by exponentiating the sprung mass
velocity (i.e., a power of the sprung mass velocity) and a value obtained by exponentiating
the stroke velocity (i.e., a power of the stroke ve1001ty) In this manner, the suspensmn
control system 1 prevents the sprung mass acceleration and the sprung mass jerk from
largely changing at the moment that the suspension friction force F. is sw1tched (changes °
non-continuously) bet-ween- the tlme. when low-frequency vibration is applied and the time
when middle-frequency vibration is applied, so as to curb occurrence of shock and
abnormal noise, and more appropriately suppress vibration. . |

‘ [0038] The above-mentioned required frictional force is frictional force required

to be produced by the actuator 3, under the frlctional force control for adjusting the

suspensron fr1ct10nal force F. by controlling the actuator 3. T'he ECU 4 controls the

" actuator 3 based on the iequlred frictional force so that the suspens1on frictional force F.

approaches and becomes equal to the required frictional force.
[0039] .. Typically, taking account of the discontinuity of the frictional force when

the suspensmn frictional force F. is switched between the time when lower—frequency

vibration is applied and the time when middle- -frequency v1brat1on 1s applied, the ECU 4

 sets the required frictional force so that the actually produced suspension frictional force F,

changes continuously. For example, the ECU 4 makes it possible to produce contmuous
suspension frictional force F. by feeding back the state quant1t1es of the system, and

determining the required frictional force of the suspension frictional force F. as a function
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of the state quantities of the system. Also, the ECU 4 defines control conditions using a

function, for example, so that the suspension frictional force F¢ continuously changes from

* zero at the moment of switching of the suspension frictional force F..

[0040]  More specifically, the ECU 4 sets the required frictional force using a

combination of the sprung mass velocity and the stroke velocity. The ECU 4 éets the

' required frictional force, based on a power of the sprung mass velocity and a power of the

stroke velocrty Namely, in this embodiment, the required frictional force 1sa functlon of -

- an m-th power of the sprung mass velocity and an n-th power of the stroke velocrty

[0041] For example the maximum value f.m, and minimum value fomin ‘of the

frictional force control value for use in the frictional force control may be expressed by Eq

(1) and Eq. (2) as indicated below The maximum value fomax O the frictional force
control value is the maximum value of the absolute value of the suspension frictional force

F. produced under the frictional force control. The minimum value f min of the frictional

. force control value is the minimum value of the absolute value of the suspen51on frictional

- force F; produced under the frictional force control In Eq. (1) and Eq. (2) below, “Ca”

and “Cb” are coefficients that are respectively arbitrarily determined, and the coefﬁment
Ca is set to be larger than the coefficient “Cb” (Ca > Cb). The ECU 4 can adjust the
max1murn value f.max of the frictional force control value and the minimum value f_;, o'f
the frictional force control value to desired magnitudes (values), by adjusting the

coefficient “Ca” and the coefficient “Cb”. As one example, the ECU 4 sets the

| -coefficients Ca, Cb such that Ca = 20x10 and Cb =0, in Eq. (1) and Eq. (2). In these

[I3ve-4]

equatlons, ‘m” is an exponent of the power of the sprung velocity, and “n” is an exponent

39 46 %%

of the power of the stroke velocity. These exponents “m n” are natural numbers (m>1,

n=1).
Somas =Ca-x," - (x} ~x.,)" (1)
Somin =Cb-x," (x; —x.,)" 2)

[0042]  In this embodiment, the ECU 4 calculates the oroduct of the sprung mass
velocity xy" and the stroke velocity (xy'—x.,'), for example, and sets the product as a

frictional force selection determinéttion value (which will be called “determination value”
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when appropriate). Also, the ECU 4 selects high frictional force or low fricﬁonal force,

dependlng on whether the determination value is equal to or larger than a threshold value,

- which is “0” in this embodiment. The ECU 4 sets a frictional force control value Fp,

based on the determination value Xb'-(Xp'—Xy/) as the product of the sprung mass velocity
Xp’ and the stroke velocity (xp'—xy'), using Eq. (3-1) and Eq. (3-2) as indicated below, for
example. The frictional force control value F ccon 18 a control value used when the actuator
3 is controlled so as to control the suspensron frictional force Fecon, and corresponds to the
above-mentioned requlred frictional force. In Eq. (3»-1) and Eq. (3-2) below, the sign of
.the frictional force control value F g, or the direction of the frictional force, is determined

according to the relationship in magnitude between the sprung mass veloeity Xy and the

,unsprung mass velocity x,'. In Eq. (3-1) and Eq. (3-2) below, a portion of Eq. (3-1)

including and following the coefficient Ca, and a portion of Eq. (3-2) including and

following the coefficient Cb, correspond to the required frictional force function in this

" embodiment.
Fru=Ca-x}" (s, ) -sgn(x, ~x,) = femax-sgn(x] —x!)
| C xg-x)20 @
Fra = Caxy” (5} =)' -sgn(s, — x.)= femin-sgn(x; ~x,)

xy (= x,)<0. (3-1)
[0043]  When the determination value ,xb’-(xb’—xw’) 1s a positive value

(Xb"(Xp'~Xw")20), it means that the direction of the sprung mass velocity is the same as the

direction of the stroke velocity. ‘Thus, when the determination value Xp - (Xp'—Xyw') 1S a

positive value; the ECU 4 sets the frictional force control value (required frictional force)

Fecon to a relatively large value, based on a control condition (control logic) as indicated in

- Eq. (3-1) above. Namely, in this case, the ECU 4 sets the frictional force control value

Feeon to a value corresponding to the above-indicated maximum value fumax Of the frictional
force control value, for- example. On the other hand, when the determination value
Xb'-(Xp'—Xw') is a negative Value .(xb’~(xb’—xw’)<0) it means that the direction of the sprung
mass velocity is different from the direction of the stroke velocity. Thus, when the

determlnatlon value x,"(xp'—Xy') is a negative value (Xb (xp'—xw)<0), the ECU 4 sets the
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frictional force control 'value Fecon to a relatively small value, based on a control condition
(control logic) as indicated in Eq (3-2) above. Namelv, in this case, the ECU 4 sets the
frictional force control Value Fecon to a value corresponding to the above indicated
minimum value femin of the frictional force control value for example.

[0044] Namely, the ECU 4 sets the frictional force control value (required
frictional force) Fecon \according to Eq. (3-1) and Eq. (3-2) so as to make the required
frictional force in the case where the direction of the sprung mass velocity is the same as
the direction of the stroke velocity larger than the required friction force in the case where
the direction of the sprung mass “velocity is different from the direction of the stroke
velocity. - At this time, the ECU 4 sets the requlred fr1ct1onal force, based on the value .
obtamed by - exponentiating the sprung mass velocity and the value obtained by‘
exponentiating the stroke velocity. - |

'»[0045] Then, the ECU. 4 controls the actuator 3, and actually adjusts the ..

‘suspension frictional force F., based on the frictional force control value (required

frictional force) Feeon set as described above. Thus, when the direction of the sprung mass
velomty is the same as the d1rect1on of the stroke velocity, and the ride performance is
requ1red to be improved against low-frequency vibration, the ECU 4 sets the frictional
force control value Foeoq to the value corresponding to the max1mum value femax of the
frictional force control value, and controls the actuator 3 based on the control value Fcc_on,
so that relatively large suépension frictional force F. can be actually applied to the sliding

portion 9. On the other hand, when the direction of the sprung mass Velocity is different

~ from the direction of the stroke velocity, and the ride performance is required to be

improved against middle-frequehcy vibration, the ECU 4 sets the frictional force control
value Fccon to the value correspondmg to the m1n1mum value fcmm of the frictional force
control value and controls the actuator 3 based on the control value Fc,n, so that relatlvely ]
small suspension frictional force F, ¢ can be actually applied to the sliding portion 9.

[0046] Acco‘rdingly,i the suspension control systtem 1 perfomls_'frictional force Y
control, more specifically, controls the actuator 3 according to the cOnditions of the

suspension device 2 for adjustment of the suspension frictional force F., so that sprung
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mass vibration can be suppressed when low-frequency vibration is applied -to the

suspension device 2, and sprung mass vibration can also be suppressed with balance when

middle-frequency vibration is applied to the suspension device 2. Namely, the suspension
control system 1 can make the frictional force along the stroke direction relatlvely large

when the low-frequency performance is requ1red to be improved, more specifically, When

' the sprung mass veloc1ty direction is the same as the stroke velocity direction. Also, the .

suspension control system 1 can make the frictional force along the stroke - direction
relatively small when the middle-frequency performance is required to be 'improved ‘more
specrﬁcally, when the sprung mass velocity direction is different from the stroke velocity
direction. Consequently, the suspension control system 1 can suppress both the “floaty”
’feelmg caused by the low-frequency vibration, and the ‘rough” feeling caused by the
middle-frequency vibration, so as to make the ride performance against the low-frequency
vihration compatible with the ride performance against ‘the middle-frequency vibration.
Namely, the low-frequency performance and middle-frequency performance of the vehicle,
which could be otherwrse 1ncompat1ble with each other can be appropriately made
compatible with each other, so that the sprung mass vibration can be appropriately |
suppressed.

[0047] At this time, the suspension control system 1 sets the frictional-force
control value (required frictional force) .Fccon based on a value obtained by exponentiating

the sprung mass velocity (i.e., a power of the sprung mass velocity), and a value obtained

Aby exponentiating the stroke velocity (i.e., a power of the stroke velocity), and adjusts the

magnitude of the suspension frictional -force F. based on the control value Fecon. As a

result, the suspension control system 1 can provide the required frictional force withr

_ continuity when 1t switches the frictional force control value F.., so as to switch the

suspension frictional force F, actually applied to the sliding portion 9, between the time -
when low-frequency vibration is applied and the time when mi‘ddle-frequency vibration is.
applied as described above. Therefore, the suspension control system 1 can prevent the
sprung massacceleration and sprung mass jerk from suddenly changing at the time of

switching of control. Namely, the amount of increase of the suspension frictional force F.,
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or amount of reduction of the suspension frictional force F., at the moment of switching of
the suspension frictional force F., is made relatively small; therefore, the suspension
control system 1 can prei/ent the sprung mass acceleration and sprung mass jerk from
changing largely at the time of switching of the frictional forcey control value Fcop.
| [0048] In Eq. ‘(1) through Eq. (3-2) as indicated above, it is preferable that the

CG 2

of the power of the sprung mass velocrty is larger than the exponent “n” of

. the power of the stroke velocity. Namely, the ECU 4 preferably sets the exponent “m” of

the power of the sprung velocity and the exponent “n” of the power of the stroke velocity,

~in Eq. (1) through Eq. (3-2), so as to satisfy a condition that m > n. " The ECU 4 sets the

frictional force control value (required frictional force) Fecon While making the 'exponent

” of the power of the sprung mass velocity larger than the exponent “n” of the power of
the stroke velocity. As one example, the ECU 4 sets the exponents so that m = 2 and n =
1, in Eq. (1) through Eq. ‘(3-2). By using a relatively high-order value for exponentiating. -
the sprnng mass velocity, and using a relatively low-order value for expone_ntiating the
strokevelocity, the suspension control system 1 can make the required frictional force in a
Sprung mass resonance region (e.g., around a low frequency of 1Hz) relatively large.
Consequently, the suspension 'vcontr'ol sg/stem 1 can -further irnprove the vibration
suppression performdnce in a low-frequency region in the vicinity of the sprung mass
resonance region. |

[0049] When the ECU 4 sets the frictional force control value (required frictional
force) Fecon as described above, it is preferable to set the frictional force control value Fcon,
based on the sprung mass velocity from which a predetermined high-frequency component
is removed, and the stroke Velocity from which a predetermined high-frequency
component is removed. In this embodiment, the ECU 4 performs low-pass filtering using |
a low-pass filter, on a signal indicative of the sprung mass velocity and a signal indicative

of the. stroke velocity. The low-pass filter permits only a portion of each signal having a

_'lower band of frequencies than a predetermined cut-off frequency (set frequency), to pass. ‘

therethrough. | Then, the ECU 4 calculates the frictional force control value F ., based on -

the signal indicative of the sprung mass velocity, which signal has been subjected to the
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low-pass filtering, and the signal indicative of the stroke velocity, which signal has been

subjected to the low-pass filtering. In this case, the predetermined cut-off frequency used

" in the low-pass filtering is set to 1.5Hz, for .exanllple. In other words, the

above-mentioned high-frequency componeht is set to a frequency region equal to or higher

~ than 1.5Hz, for example. In this manner, the suspension control system 1 can make the

requlred frictional force in a hlgher frequency region (e.g., around 10 — 40Hz) than the
Sprung mass resonance region relatlvely small. Consequently, the suspension control
‘system 1 can further improve the vibration suppression performance in the 'high-frequency
region and its vicinity.

[0050] Next, one example of control for setting required frictional force and one

“example of frictional foree control, which are performed by the ECU 4; will be described

with reference to the flowcharts of FIG. 3 and FIG. 4. These control routines -are
repeatedly executed in control cycles of several milliseconds to several tens of
milliseconds. " ,

[0051]  In this example, the ECU 4 performs frictional force control as will be
explained below, in the case where the stroke velocity ie withinva very low Velocity region
‘in which the stroke velocity is equal to or lower than a predetermined velocity, and the
steering angie of the vehiele is equal to or smaller than a predetermined angle. ' Thus, the
suspension control system' 1 can limit the timing of execution of the frictional force control
to the time when the vehicie is travellihg straight on a good road, in other words, when
both of the ride performance against low-frequency vibration and: the ride performance
agalnst mlddle -frequency vibration are requlred to be improved. In ether cases, the
frictional force may be fixed. Therefore, the suspens1on control system 1 can more
efficiently suppress sprung mass vibration. It is, however, to be understood that the
‘invention is not limited to this arrangement, but the ECU 4 may perform frictional force
control in cases other than the case where the vehicle is travelling stralght on a good road.
Namely, the ECU 4 may perform frictional force control in cases other than the case where
the stroke velocity of the suspension device 2 is within the very low velocity region 1n

which the stroke Ve1001ty is equal to or lower than the predetermined velocity, and the
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steermg angle of the vehicle is equal to or smaller than the predetermmed angle.

[0052] Initially, the control for setting the requrred frictional force will be

“described with reference to FIG, 3.

[0053] The ECU 4 calculates the sprung mass velocity x,’ and the stroke velocity
(Xp'—Xw") (step STl) For example the ECU 4 integrates the sprung mass acceleration Xp",
based on the result of detect1on by the sprung mass acceleration sensor 10, and calculates
the sprung mass veloc1ty Xp', based on the result of integration of the sprung mass
acceleration x;”. Also the ECU 4 integrates the unsprung mass acceleratron xw” to
calculate the unsprung mass velocrty Xy, based on the result of detection by the unsprung-
mass acceleration sensor 11, for example and calculates the stroke veloc1ty (xp’ —xw’)
based on the sprung mass velocity Xy calculated above and the unsprung mass velocity x,,’.
The ECU 4 may calculate the stroke velocity by differentiating a stroke displacement of
the _suspension device 2, based on the result of detectionh;r a sensor that detects the stroke
d,isplacerrlent. | |

[0054] Then, the ECU 4 perforrns low-pass-ﬁltering on the sprung mass velocity
Xy calculated in step ST1, and the stroke velocity (xb’wa’) calculated in step STI1 (step
ST2). For example, the ECU 4 performs low-pass ﬁltering on the sprunvg mass velocity _
Xp', using a low-pass filter LPF1 that permits only a lower band of frequencies than the
predetermined cut-off frequency to pass therethrough. Similarly, the ECU 4 performs
low-pass filtering on the stroke velocity (xp'—xy), txsing a low-pass filter LPF2 that permits
only a lower band of frequencres than the predetermined cut-off frequency to pass
therethrough |

[0055] Then, the ECU 4 calculates the product of the m-th power of the sprung
mass velocity x,’ on which low-pass filtering was performed in step ST2, and the n;th
~power of the stroke veloc1ty (Xp'—Xw') on which low-pass ﬁlterlng was s1mrlarly performed
(step ST3). At th1s time, the ECU 4 sets the exponent “m” of the power of the sprung
mass velocity and the ‘exponent “n” of the power of the stroke velocity, so as to satisfy the
condition that m>n. | |

[0056]  Then, the ECU 4 sets the required frictional force function according to
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the above-indicated Eq. (3-1) and Eq. (3-2), based on the product of the m-th power of the
spruné mass velocity xp’ and the n-th povyer of the stroke velocity (Xb'—Xw) calculated in -
step ST3 (step-S‘T4). Then' the ECU 4 finishes the current control cycle, and proceeds to
the next control cycle When the ECU 4 calculates the stroke velocity by differentiating
the stroke d1splacement in step ST1, the ECU 4 may set the function of the requ1red
fr1ct10nal force, by prov1d1ng the functron w1th the sign corresponding to the stroke
direction, based on a given srgn function.

[0057]  Next, the frictional force control will be described with reference to FIG. -

[0058] The ECU 4 calculates the product of the sprung mass Velocily xp' and the
stroke velocity (xv'—Xw'), and sets the producf as the determination value xb’-(xl,’—xw’) (step
ST101). For example, the ECU 4 may calculate the product, using the sprung mass
velocityx.b' calculated in steo STI1 of FIG. 3-and the stroke velocity (xp'—Xy') calculated in
step ST1 of FIG. 3, or may calculate the product, by newly calculatlng the sprung mass
veloc1ty Xy’ and the stroke velocity (Xp'—Xy ) |

[0059] Then, the ECU 4 determmes whether the determination value xp'(Xp' —Xw )
calculated in step STlOl 1s equal to or larger than 0 (threshold value) (step ST102).

[0060] If the ECU 4 determines that the determination value ‘(b’-(xb’—xw') 1s equal
to or larger than 0 (step ST102: YES), the ECU 4 requlres hlgh frictional force, based on
Eq. (3- l) using the required frictional force function set in step ST4 of FIG. 3. Then, the
ECU 4 sets the fr1ct10nal force control‘value (required frictional force) Feecon to a value
corresr;oncling to the maximum value f,n. of the lrictional force _control value (step
ST103). | | |

[0061] Then, the ECU 4 controls the actuator 3, based on the frictional force
-control value F, (in this cycle, the valiie corresponding to the maximum vallre fomax of
the fricti()nal force control value) set in step ST103, so as to make the-suspension frictional
force F actually applied to the sliding portion 9 relatively large lstep ST104). Then, the -
ECU 4 finishes the current control cycle; and proceeds to the next control cycle.

- [0062] On the other hand, if the ECU 4 determines that the determination_value
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Xp'-(Xp'—Xy') calculated in sfep STlOl is smaller than 0 (step ST102: NO), the ECU 4
requlres low frictional force, based on Eq. (3 2) using the required frictional force functlon
set in step ST4 of FIG. 3. Then,v the ECU 4 sets the frictional force control value -

(required frictional force) Feeon to a value corresponding to the minimum value femin of the

frictional force control value (step ST105).

[0063] Then, the ECU 4 controls the actuator 3, based on the frictional force
control value FCcon (m this cycle, the value correspondmg to the minimum value f.;, of the
frlctlonal force control value) set in step ST105, so as to make the suspension frictional
force F actually applied to the.sliding portion 9 relatively small (step ST104). Then, the
ECU 4 finishes the current control cycle, and proceeds to the next control cycle.:

[0064] lFIG.- 5 is a graph showing one example of time responses of the sprung

mass velocity and the stroke velocity in the vehicle on which the suspension control system

- 1 configured as described above is installed. In FIG. 5, the horizontal axis indicates time,

and the vertical axes indicéte the sprnng mass velocity and the stroke velocity. The ECU
4 makes the exponent. “m 17 of the poWer of the sprung mass velocity larger than the -
exponent “n” of the power of the stroke.velocity, and sets the frictional force control value
(required frictional force) Feeon, SO that the suspension control system 1 can make the

required frictional force relatively large, in a sprung mass resonance region as indicated by

~a surrounding line A in FIG. 5. Further, the ECU 4 sets the frictional force control value

Focon based on the sprung mass velocity from which a predetermined high- frequency
component has been removed and' the stroke velocity from which a predetermlned
high-frequency component has been removed, so that the suspension control system 1 can
make the required frictional force relatlvely small, in a high-frequency region as 1ndlcated
by surrounding lines B in FIG. 5.

[0065] FIG. 6'is a graph showing one exa.mpAle o"f operating simulation of the
suspension control system 1 configured as described above. FIG. 7 is a grapn showing
one example of- operating simulation of a suspension control system aceording to a
comparative example. In FIG. 6 and FIG. 7, tne horizontal axis indicates time, and the

vertical axes indicate the sprung mass velocity, stroke velocity, suspension frictional force
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F0, suspension- frictional force F., sprung mass acceleration, and the sprung mass jerk.
FIG. 6 and FIG. 7 show‘One example of simulation results where the stroke velocity
(xv'—Xvw') is in a very low region around 0.015m/s. The suspension control system 1 of ..

this embodiment shown in FIG. 6 is conﬁgured such that Ca=20x10, Cb=0, m—2 and n=1,

in Eq. (1) through Eq. (3-2). The suspension control system according to the comparative -

example shown in FIG. 7 is configured such that femax=20N, and f¢min=0, withour using the
value obtained by exponentiating the sprung niass velocity and the Avalue obtained by
‘exponentiating the stroke velocity. The suspension frictional force F.0 corrésponds to
fcmax;sgn(xb"—xw’), and the suspension: frictional force F; corresponds to suspension
frictional force actually produced according to the friction force control value (required
frictional force) ‘F.gcon oObtained using Eq.. (3-1) and Eq. '(3-2). FIG 8A and FIG. 8C are
laterally arranged diagrams in which the sprung mass acceleration is plotted on lattices .
having the same unit intervals, and FIG. 8B and FIG. 8D are laterally arranged diagrarns in
which the sprung mass jerk is plotted on lattices having the same unit intervals, for the

sake of easiness to compare the suspension control system. 1 according to this embodiment

with the suspensmn control system dccording to the comparative example FIG. 8A

indicates the sprung mass acceleration of the suspension control system 1 according to this
embodirnent; and FIG. 8B indicates the sprung mass jerk of the suspension control system
1 according to this.ernbodiment, while FIG. 8C indicates the sprung mass acceleration of
the suspension control- system. according to the comparative example, and FIG. 8D\
indicates the sprung mass jerk of the suspension control system according to the
comparative example. “ |

| [0066] As is apparenf from comparisons among FIG. 6, FIG. 7, and FIGS. 8A.—‘
8D, when the suspension control system 1 of this embodiment sw1tches the frlctlonal force
control value Fc,, between the time when low-frequency v1brat10n is applied and the time

when middle-frequency vibration is applied o as to switch the suspensmn frictional force

| F. actually applied to the sliding portion 9, the sprung mass acceleration and the sprung-

mass jerk are less likely to suddenly or abruptly change, as compared with the suspension

control system according to the comparative example. Thus, when the suspension control
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system 1 of this embodiment switches the suspension frictional force Fe, the sprung mass
acceleratlon changes substantlally continuously, and peaks of the sprung mass jerk are
srgmﬁcantly reduced, as compared with those of the suspens1on control system according
to the comparative example.. ‘ _

[0067] FIG. 9"and FIG. 10 are graphs each showing one example of spruné mass
vibration when the suspension control system 1 configured as deseribed above performs
frictional force control. In FIG. 9 and FIG. 10, the horizontal axis indicates the frequency
of fhe vibration applied, and the vertical axis indicates the sprung mass jerk)épceleration.
FIG. 9 and FIG. 10 represent one example of simulation results like those as described
above. FIG. 10 is an enlarged view of a regien deﬁned by 'a surrounding line C in FIG. 9
In FIG. 9 and FIG. 10, line L1 represents the sprung mass jerk/acceleration when the
above-described frictional force control is performed in the suspension control system 1 of
this embediment, and line 1.2 represents the S}Srung mass jerk/acceleratiorf-iwhen the
above-described frictionai force control is performed' in the suspension control system of
the comparative example as described above. Line 'L3 represents the sprung mass

jerk/acceleration when the suspension frictional force F. is fixed to a relatively small value

(e.g., Fc=0N) in a suspension control system according to another comparative example.

[0068] The suspension control system 1 of this embodiment performs frictional
force control by cOntrolling the aetuatOr 3 according to the conditions of the suspension
device 2, based on the required frictional force that depends on a value obtained by

exponentiating the sprung mass velocity and a value obtained by exponentiating the stroke

- velocity, so as to adjust the suspension frictional force F.. Therefore, as is apparent from

line L1 in FIG. 9 and FIG. 10, as compared with line L2 and line L3, the suspension control
system 1 of this embodiment is able to 'suppress sprung mass vibrations with balance over
almost ail frequency regions. |

[0069] The suspension controi system 1 according to the embodiment as
described above includes the suspension device 2, actuator 3, and the ECU 4. The
suspension device 2~c0nnec’ts the sprung member 5 and unsprung,memeer 6 of the vehicle.

The actuator 3 is able to adjust the frictional force along the stroke direction of the
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suspension device 2. The ECU 4 controls the actuator 3, based on the velocity direction
of the sprung member 5 parallel to the stroke direction of the suspension device 2, and the
stroke VClOClty direction of the suspensron device 2, so as to adjust the frictional force
along the stroke direction of the suspension device 2. F urthermore, the ECU 4 adjusts the
magnitude of the frictional force so that it becomes substantially eqvual to the required
frictional force determined based on the value obtained by exponentiating the velocity of
the sprung member 5, and the value obtained by exponentiating the stroke velocity of the
suspension device 2. | | | |

[0070] Accordingly, the suspension control system 1 can make the frictional force
along the stroke direction relatively large when the low-frequency performance is required
to be improved, more speciﬁnally, when the sprnng’ mass velocity direction is the same as
the stroke velocity direction. Also, the suspension control system 1. can make the
frictional .force along the stroke direction relatively small when the middlé-frequency
performance is required'to be improved, more specifically, when the sprung mass velocity
direction is different from the stroke velocity direction. Consequently, the suspension
control sys_tern I can make the ridé performance against the low-frequency vibration
compatible with the ride pérformance against tne middle-frequency Vibrétion so that the
low-frequency perfonnance and middle-frequency performance of the vehicle, which could
be otherwise incompatible with each other, ‘can be appropriately made compatible with
each other. At this time, the suspension control system 1 adjusts the frictional force along

the stroke direction, based on the required frictional force that depends on the value

- obtained by exponentiating the sprung mass velocity, and the value obtained by

exponentlatrng the stroke Velocrty, so as to prevent the sprung mass acceleration and the
sprung mass Jerk from largely changlng at the time of swrtchrng of the frictional force. .
Consequently, the suspension control system 1 is able to curb occurrencé’ of shock and
abnormal noise, and more appropriately suppress vibrations.

[0071) The suspension control system according to the invention is not limited to
the above-described embodiment, but various changes or modifications may be made

within the ranges as described in the appended claims.
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- [0072]  While the ECU ,4 alls() serves as vthe control device in the illustrated
embodiment, 'the-in,vention.- is not limited to this arrangement. For example the control
device may be configured, separately from the ECU 4, to supply and receive mformat10n

such as detectlon signals, drive 51gnals and control commands, to and from the ECU 4.
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CLAIMS:

1. A suspension control system comprising:‘

a suspension device that connects a sprung member of a Vehlcle with ‘an unsprung
member of the Vehlcle

an actuator operable to adjust frictional‘ force along a stroke direction of the
suspension device; and |

a control ‘device configured to control the actuator, based on a velocity direction of
the sprung member parallel to the stroke directi_on of the suspension device, and a stroke
velocity direction of the suspension device, so as to adjust suspension frictional force as

) the frictional force’along'the stroke direction of the suspension device, the control device

being configured toadjuét a magnrtude of the suspension frictional force, so that the
suspension frictional force becomes substantially equal to .a required frictional force -
determined based on a value obtained by exponentratrng the velocity of the sprung member |

and a value obtained by exponentratrng the stroke velocity of the suspensron devrce

2. The suspension control system according to claim 1, wherein an expenent of the
value obtained by eprnentiating the velocity of the sprung member is larger than an
exponent of the value obtained by exponentiating the stroke velocity of the suspension

device.

3. The suspension control system according to claim 1 or claim 2, wherein the control
device sets the required frictional force, based on the velocity of the sprung member from
which a predetermined high-frequency component is renioved; and the stroke velocity of

_the suspenéion device from which a predetermined high-frequency component is removed.

4. The suspension control system according to any one of claims 1 to 3, wherein the
control device sets the required frictional force so that the required frictional force in the

case where the velocity direction of the sprung member is the same as the stroke velocity

*
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- direction of the suspension device becomes larger than the required frictional force in the
Acas‘e where the velocity direction of the sprung member is different from the stroke

velocity direction of the suspension device.

5. A methoci .of contfolling a suspension device that connects a sprung member of a
vehicle with an unspfung member of the vehicle, c‘ompris.ing': |
adjusting suspension frictional force és frictional force along a stroke direction of the
susbe’nsion vdevice, based on a velocity direcﬁori of the sprung member parallel to the
stfoke direction of the su‘spension device, 'and a stroke velocity direction of the suspension
dévice, wherein |
"~ when the suspension frictional force is adjusted, a magnitude of the suspension
frictional force is adjustéd so that the suspehsion frictional. force becomes substantially
equal to a required frictional force determined base‘d on a value obtained by exponentiating
the velocity of the sprung membe.r, and a value obtainc;d by expo_nentiating the stroke

velocity of the suspension device.
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