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Photograph of electric vehicle
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Active seat suspension control system
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Fig.2

Photograph of active seat suspension

Analytical model

seat surface used for control are detected by the digital
integration of the signals from the accelerometer, shown in

2. Experimental setup

the figure, using a computer.

calculated from the measured values by a computer, and a

Fig. 2 shows the active seat suspension

installed into the seat of the automobile.

Furthermore, the current

flowing through the VCM is detected, the control voltage is

Fig. 1 shows the small electric automobile used in our
experiment.

c

VCM

control force is generated by driving the VCM.

An aluminum plate

was used in the driver’s seat, and the seat was supported by
3.2 Numerical model

four coil springs and allowed to vibrate only in the vertical
A voice coil motor (VCM) that

As explained above, the active seat is supported by coil

enables high-accuracy and high-speed control was adopted

springs, a linear slider, and a VCM installed in parallel to

for the control actuator.

these components.

direction via a linear slider.

This provides the merit of

No cushion is used, and it is assumed

that the vibration of the seat surface is directly transmitted to

direct-drive maintenance-free control.

the driver and that the driver and the seat move as one.

The specifications of the vehicle and VCM are as

The

resonance frequencies of the chassis and seat suspensions in

follows.

this setup are relatively close to each other.

Small electric automobile: Everyday COMS BASIC

Therefore, the

coupled vibration of these suspensions is considered to be

(Toyota Auto Body Co., Ltd.)

negligible in this study.

Total weight of vehicle, 325 kg; Total length, 1935 mm;

Thus, the active seat suspension is

Whole width, 955 mm; Total height, 1600 mm; Wheelbase,

modeled as a one-degree-of-freedom system, in which the

1280 mm; Tread, 840 mm (front wheel), 815 mm (rear wheel)

part above the floor is the target of control, as shown in Fig. 4,

VCM: 160 N VCM (Aoyama Special Steel Co., Ltd.)

rather

Effective stroke, 20 mm; Thrust constant, 110 N/A;

comprises the chassis suspension and other components.

than

a

multiple-degree-of-freedom

system

that

The equation of motion is given as

Nominal thrust, 160 N; Maximum thrust, 320 N or more;
Rated current, 1.46 A

m
3. System

d2y
dt

2

+c

dy
+ k y = Ki
dt

(1)

Here, m is the sum of the masses of the driver (weight
applied to the seat when the driver sits on the seat, excluding

3.1 Control system

the weight of his/her legs or other parts) and the seat [kg], k

Fig. 3 shows the control system of the active seat
suspension.

is the spring constant (sum of four springs) [N/m], c is the

Absolute displacements and velocities of the
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apparent damping coefficient considering the friction of the

105

linear slider and other factors [N/m], K is the thrust constant

WS1 ，

WS2 ，

WT ，

⊿

of the actuator [N/A], y is the absolute displacement of the
Gain

seat [m], and i is the control current [A].
Moreover, the VCM used in this experiment consists of
two parts: a magnetic circuit including a magnet, and a coil,
which generates a force.

10-5

The VCM does not include a linear

bearing to support the coil’s motion.

The circuit equation of

the VCM is as follows.

10-10
10-1

di
dy
+ Ri + K
=v
dt
dt

L

100

100

(2)

101

102

103

Frequency[rad/s]

Fig.5

Weighting function and system uncertainty

Here, L is the coil inductance of the VCM [H], R is the
coil resistance [Ω], and v is the input voltage [V].
4. Control method
In this study, we selected the μ–synthesis controller
from among the various control methods to examine the
control performance because of its robustness to disturbance
and modeling errors.

In addition, the control performance

was also examined by optimal control theory for comparison.
The design parameters of the control systems were
determined so that the standard deviation of the control

Fig.6

current obtained when using the optimal controller was equal

Photograph of gravel test road

to that obtained when using the μ–synthesis controller.
The weight matrix of optimal control in this study was

WS 2 =

determined as

⎡10
⎢
=⎢ 0
⎢ 0
⎣

6 .8

opt
d

Q

0
103.3
0

0 ⎤
⎥
0 ⎥ , rdopt = 10 −0 .6
10 −0 .05 ⎥⎦

(4)

In contrast, WT was designed as the following primary
high-pass filter that include additive errors estimated from
modeling errors, because WT must take into consideration

Fig. 5 shows the relationship among the frequency

various uncertainties related to the active seat suspension.

weight related to the suppression of disturbance by the

WT =

μ–synthesis controller (WS ), the frequency weight related to
additive errors (WT), and the additive errors.

1.6 × 10 −5 s + 144
1.6 × 10 − 6 s + 0.016

WS1 and WS2

5 ×10−3 s + 1×10−3
1×10−4 s + 2 ×10−4

(5)

are the frequency weights related to the suppression of
disturbance with respect to the absolute displacement and
absolute velocity of the seat surface, respectively.

5. Control experiment

For WS1

and WS2, a function, the gain of which becomes small for

5.1 Experimental method

frequencies of 8 Hz or higher, was selected in order to control

In this study, driving experiments were carried out at the

4 – 8 Hz vibration, and a trial-and-error numerical simulation

Shonan campus of Tokai University at a site covered with the

was repeated until the controller achieved the desired control

gravel shown in Fig. 6.

performance.

Thus, W S1 and W S2 were designed as the

many pebbles with a size of 10 – 40 mm covering the surface.
In the experiment, a vehicle traveled straight at a constant

following primary low-pass filters.

WS 1 =

1.5 × 10 −3 s + 4500
50 s + 750

The course is flat and straight, with

speed in the range of 3 – 9 km/h.
(3)

The vibration with

random frequencies that occurred during driving was input as
a disturbance.
5.2 Control performance
Fig. 7 shows the control performance obtained from the
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